pokes 2 


APPLIED PHYSICS 


(Revised Syllabus NEP 2020 ax’per Mumbai University) 


G. M. Kharmate 


Sandhya Sanjay Bharambe 
Karuna Bhole 


KB 


INTERNATIONAL, 


Contents 


Acknowledgement 


Preface 
Syllabus 


Introduction to Laser 


1.2 Difference Between Ordinary Light and Laser Light 
1.3. Quantum Processes Quantum Processes 
1.4 Difference Between Spontaneous and Stimulated Emission 
1.5 Einstein’s Equations 
1.6 Coherence Length and Coherence Time 
1.6.1 Coherence Length 
1.6.2 Coherence Time 
1.7. Metastable State 
1.8 Population Inversion 
1.9 Pumping 
1.9.1 Pumping Scheme 
1.9.2 Pumping Technique 
1.10 Resonent Cavity 
1.11 Characteristics of Laser 
1.12 Helium-Neon Laser 
1.13 Applications of Laser 
1.14 Lidar (Light Detection and Ranging) 
1.15 Barcode 
1.15.1 Barcode Reader 
1.15.2 Difference Between 1-D Barcode And 2-D Qr Code 
1.16 Application Of Laser In Metal Work 
2 Fibre Optics 
2.1 Introduction to Fibre Optics 
2.2. Structure of Optical Fibres 
2.3. Principle of Total Internal Reflection 
2.4 Propagation of Light Rays in Optical Fibre 
2.5 Classifications Optical Fibres 
2.6 Acceptance Cone and Numerical Aperture of A Fibre 
2.7. V- Number 
2.8 Cut-Off Wavelength 


vi | Applied Physics 


2.9 Difference Between Single Mode and Multi-Mode Optical Fibre 
2.10 Difference Between Step-Index and Graded-Index Optical Fibre 
2.11 Losses In Fibre 
2.11.1 Attenuation 
2.12 Advantages of Optical Fibre Communication 
2.13. Disadvantages of Optical Fibre Communication 
2.14 Applications of Optical Fibres 
2.15 Communication Through Optical Fibre 
3 Interference in Thin Film 
3.1 Introduction 
3.2. Interference 
3.3. Conditions to Obtain Sustainable Interference 
3.4 Methods of Producing Interference 
3.5 Thin Film 
3.6 Change of Phase on Reflection 
3.7. Interference in Thin Parallel Film 
3.7.1 Due to Reflected Light 
3.7.2. Due to Transmitted Light 
3.8 Colours in Thin Films 
3.9 Wedge Shaped Air Film (Non -Uniform Thickness Film) 
3.10 | Newton's Rings in Reflected Light 
3.10.1 Determination of Diameter of Bright And Dark Rings 
3.10.2 Determination of Wavelength of Light/Radius of Curvature of Lens 
3.10.3 Determination of Refractive Index of Liquid Using Newton’s Rings 
3.10.4 Newton's Rings In Transmitted Light 
3.10.5 Newton's Rings In White Light 
3.10.6 Newton's Rings With Bright Centre Due To Reflected Light 
3.11 Applications of Interference 
4 Electrodynamics 
4) Introduction 
4.2 Vector Analysis 
43 Dot Product 
44 Cross Product 
4.5 Co-Ordinate Systems 
4.5.1 Cartesian Coordinate System 
4.6 Vector Integration 
4.6.1 Line Integral 
4.6.2 Surface Integral 
4.6.3 Volume Integral 
4.7 Vector Differentiation 


4.7.1 Del Operator 
4.7.2 Gradient 
4.7.3 Divergence 
4.7.4 Cul 


Contents | vii 


4.8 Gauss Law 116 

4.9 Gauss Law For Magnetism 118 

4.10 Stokes’ Theorem 119 

4.11 Divergence Theorem 120 

4.12 Faraday’s Law of Induction 120 

4.13 Ampere’s Law 121 

4.13.1 Ampere’s Law With Maxwell’s Addition 122 

4.14 Maxwell’s Equations 123 

4.14.1 Maxwell’s Equations In Empty Space (No Charge Or Current) 124 

4.14.2 Maxwell’s Equations For Good Conductor Medium 124 

5 Quantum Physics 129 

5.1 Wave - Particle Duality of Radiation 129 

5.1.1 The Photon 130 

5.2 Wave Particle Duality of Matter: De-Broglie Hypothesis 131 

5.2.1 De-Broglie Wavelength of A Particle In Terms of Kinetic Energy 132 

5.2.2 De-Broglie Wavelength of An Electron Wave 132 

53 De-Broglie’s Model of The Atom 133 

5.3.1 De-Broglie Wavelength of An Electron Orbiting Around Hydrogen Nucleus 134 

5.4 Experimental Verification of De-Broglie Theory 135 

55 Properties of matter wave 136 

5.6 Wave Function 137 

5.7 Interpretation of Wave Function ‘Y Of A Matter Wave 138 

5.7.1 Normalization 139 

5.8 Wave Packet: Group Velocity and Phase Velocity 139 
5.8.1 Group Velocity Is Same as Particle Velocity, While Wave 

Velocity > Velocity Of Light 140 

5.8.2 Difference Between Phase Velocity and Group Velocity 141 

5.8.3 Phase Velocity In Terms of De-Broglie’s Wavelength 141 

5.9 Postulates of Quantum Mechanics 142 

5.10 Heisenberg’s Uncertainty Principle 143 

5.10.1 Derivation of Energy-Momentum Uncertainty 143 

5.10.2 Illustrations of Uncertainty Principle 144 

5.10.3 Applications of Uncertainty Principle 146 

5.11 Schrédinger’s Wave Equation 147 

5.11.1 Time Dependent Schrédinger Wave Equation In One Dimension 147 

5.11.2 Time Independent Schrédinger Wave Equation In One Dimension 149 

5.12 Applications of Schrodinger’s Equation 151 

5.12.1 Motion of A Free Particle 151 

5.12.2 Particle Trapped In One Dimensional Infinite Well 151 

5.13 Quantum Computing 154 

5.13.1 Quantum Mechanical Tunnelling 154 

5.13.2 Concept of Qubit ie 


5.13.3. Application of Quantum Computing 


viii | Applied Physics 


6 Basics of Semiconductor Physics 


6.1 


6.2 


6.3 


6.4 


Introduction 

6.1.1 Formation of Energy Bands In Solids 

6.1.2 Valence Band, Conduction Band, Forbidden Energy Gap 
6.1.3 Classification of Solids Based On Energy Band Structure 
6.1.4 Difference Between Intrinsic and Extrinsic Semiconductors 
Direct and Indirect Band Gap Semiconductors 

6.2.1 Elemental and Compound Semiconductors 

6.2.2 Differentiate Between Direct and Indirect Band Gap Semiconductors 
Electrical Conduction 

6.3.1 Drift Velocity, Mobility and Conductivity In Conductors: 
6.3.2 Electrical Conductivity of Semiconductors: 

Fermi- Dirac Distribution Function: 

6.4.1, Fermi Energy Level In Conductor: 

6.4.2 Position of Fermi Level In Intrinsic Semiconductors 

6.4.3. Fermi Energy Level In N-Type Semiconductor 

6.4.4 Fermi Energy Level In P-Type Semiconductor: 


17] 
17] 
17] 
172 
172 
173 
174 
175 
176 
176 
176 
178 
179 
180 
182 
184 
185 


SYLLABUS 
Course Name: Applied Physics 
Course Code: BSC102 


Prerequisite: 


1. Basic knowledge of optics and atomic structure, Wavefront and Huygens 
principle, reflection and refraction, Interference by division of wavefront, 
Refractive index of a material, Snell’s law, Basics of vector algebra, partial 
differentiation concepts, Dual nature of radiation, Photoelectric effect, 
Matter waves, Davisson-Germer experiment. Intrinsic and extrinsic 
semiconductors, electrical resistivity and conductivity concepts 


Chapter-1 Lasers 04 Hours 


@ Lasers: Spontaneous and stimulated emission, population inversion, pumping, active medium & 
active center, resonant cavity, coherence length and coherence time, Characteristics of lasers, 
He-Ne laser: construction and working. Fiber laser Construction and working Application : 
(i)Elementary knowledge of LiDAR (ii) Barcode reader (iii) Application of laser in metal work 


Chapter-2 Fibre Optics 04 Hours 


© Optical fibers: Critical angle, acceptance angle, acceptance cone, numerical aperture, total 
internal reflection and propagation of light, Types of optical fibers: Single mode & multimode, 
step index & graded index, attenuation, attenuation coefficient, factors affecting attenuation, 
Fibre Optic Communication System, Advantages of optical fiber communication, numerical 


Chapter-3 Interference In Thin Film 04 Hours 


© Interference in thin film of uniform thickness, conditions of maxima and minima for reflected 
system, Conditions for maxima and minima for wedge shaped film (qualitative), engineering 
applications — (i) Newton’s rings for determination of unknown monochromatic wavelength and 
refractive Index of transparent liquid (ii) AntiReflecting Coating 


xiv | Applied Physics 


Chapter-4 Electrodynamics 04 Hours 

© Vector Calculus: Gradient, Divergence, Curl. Gauss’s law, Amperes’ circuital Law, Faraday’s law, 
Divergence theorem , Stokes theorem Maxwell's equations in point form, Integral form and 
their significance(Cartesian coordinate only) 


Chapter-5 Quantum Physics 06 Hours 

© de Broglie hypothesis of matter waves, de Broglie wavelength for electron, Properties of matter 
waves, Wave function and probability density, mathematical conditions for wave function, 
problems on de Broglie wavelength, Need and significance of Schrédinger’sequations, 
SchrGdinger’s time independent and time dependent equations, Energy ofa particle enclosed in 
a rigidbox and related numerical problems, Quantum mechanical tunneling, Principles of 
quantum computing: concept of Qubit. 


Chapter-6 Basics Of Semiconduct or Physics 04 Hours 


® Direct and Indirect Band Gap Semiconductors, Electrical Conductivity of Semiconductors, Drift 
Velocity, Mobility and Conductivity in Conductors Fermi- Dirac distribution function, Position of 
Fermi Level in Intrinsic and Extrinsic Semiconductors. 


CHAPTER ie 


Laser 


Laser: spontaneous emission and stimulated emission; metastable state, population inversion, 
types of pumping, resonant cavity, Einsteins’s equations; Helium Neon laser; Nd:YAG laser; 
Semiconductor laser, Applications of laser- Holography 


1.1 INTRODUCTION TO LASER 


Laser is the device that produces monochromatic, coherent, and highly directional light. 
Laser is an acronym for light amplification by stimulated emission of radiation. Hence, the 
process of stimulated emission causes amplification or increases the intensity of light. 
Invention of laser has the background of the work published by Max Planck in 1900 that light 
is a form of electromagnetic radiation, the theory considered as the mark of modern physics. 


The principle of laser was first known in 1917, when physicist Albert Einstein in 1917, in the 
course of calculations on the equilibrium of a gas, discovered that there must be spontaneous 
and stimulated types of emission. Applying the idea of amplification by means of stimulated 
emission, in 1953 Charles Townes and his collaborators at Columbia University constructed a 
device and christened it ‘MASER’, an acronym for microwave amplification by stimulated 
emission of radiation. This device soon found application in microwave communication 
system. 


Schawlow and Townes in 1958 suggested that the principle of the maser can be extended to 
the optical regime. In 1960 the American physicist, Theodore Maiman invented the first laser, 
a solid state laser, using a lasing medium of ruby. Later in 1960 the Iranian physicist, Ali 
Javan constructed first gas laser using helium and neon. 


In 1962 Robert Hall demonstrated first semiconductor diode laser. Indian electrical engineer 
Kumar Patel invented CO laser in 1964 at Bell laboratory. In 1994, Markos and his 
coworkers at Bell laboratory developed Nd-YAG laser. A few other laser devices are dye 
lasers, liquid lasers, chemical lasers, photonic crystal lasers etc. Photonic crystal lasers are 
based on nano-structures that provide the mode confinement. 


Recall Bohr’s model of an atom. According to Bohr’s third postulate if an atom at higher 
energy state makes a transition to lower energy state it emits a photon of energy hd equal to 
the energy difference between the two states. 


In the process of emission of light from conventional sources some of the atoms may 
spontaneously move from say E; to Ey state, or Fs to E3, or Es to E> while others may undergo 
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transition from E4to any lower state and so on. As a result the emitted photons have differen, 
energies or wavelengths, Such a radiation is non- monochromatic as shown in Fig. (1.1). 


Fig: 1.1 Non-monochromatic light 


Further, even if all the atoms spontaneously undergo transition say E> to E,, it is not possible 
for all the atoms to jump down at the same time. Thus though the radiation emitted is 
monochromatic it is not in the same phase. It is incoherent radiation as shown in Fig. (1.2). 


Fig: 1.2 Incoherent light 


Also, since photons are emitted in all directions the radiation is not unidirectional. The 
radiation from the ordinary source is therefore as shown in Fig.(1.3). 


Ordinary light 
source 


Fig: 1.3 Light emitted by ordinary source 


On the other hand, the wavelength (colour) of laser light is extremely pure (monochromatic) 
compared to other sources of light. Also, all the photons (energy) that make up the laser beam 
maintain fixed phase relationship (coherence) with respect to one another. 


Light produced by a laser can travel over a long distance with a very little divergence. It is 
highly directional and can be focused to a very small spot which is very bright. Thus the 
intense, monochromatic, coherent, and collimated beam of light finds a variety of exciting 
applications in various fields. 

x 


=> Collimated 


Coherent in phase 
Fig: 1.4 Light emitted by LASER source 


The lasers emit radiation of wavelengths ranging from the microwave region and infrared to 
visible, ultraviolate, to the soft X-ray spectral region, They produce power that ranges from 
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nanowatts to billion trillion watts (10?! W) for very short bursts, They produce the burst of 
light of very short duration of five million- billionths of a second (5 x 10° sec), 


1.2 DIFFERENCE BETWEEN ORDINARY LIGHT AND LASER LIGHT 


Characteristics Ordinary Light 


Coherence Incoherent source of light. Highly coherent (maintains fixed phase 
relationship). 


Wavelength Polychromatic source of light. | Monochromatic source of light. 
Direction of travel | Radiation is not unidirectional. | Unidirectional light. 


Polarization Light is not polarized. Highly polarized (direction of oscillating 
electric field perpendicular to direction of 
travel), 


Intensity .| Has comparatively less It is a highly intense beam. 
intensity than laser. 


1.3 QUANTUM PROCESSES 


The lasers use very specific materials to produce their beams and the radiation emitted is 
often very pure and of a very specific wavelength. Lasers operate on the principle of quantum 
theory of radiation. In order to understand how a laser works it is imperative to recount the 
quantum process that occurs in the material when radiation is incident on it. For sake of 
explanation let us restrict initially only to two energy states of the atom. Let E, be the ground 
state and E, the excited state. 


(a) Photon absorption (Stimulated absorption): If an atom is in the lowest possible energy 
state i.e. ground state EF), it will absorb a photon of energy hd = E2 - E, from the incident 
radiation and raises itself to the excited state E,, This is known as stimulated absorption 
or simply absorption as shown in Fig. 1.5. 


E, 


ho 
Aw 


E 
Fig: 1.5 Schematic diagram of atomic absorption 
Symbolically, atom + photon — atom" (1) 
(b) Spontaneous emission: The inherent tendency of an atom is to be in the lowest possible 
state i.e ground state, Therefore an atom in the higher energy (excited) state E, seeks to 
attain ground state E, by emitting a photon of energy h) = E,— E, on its own without 


any external influence, This process of de-excitation is termed as spontaneous emission 
as shown in Fig. 1.6. 


4 | Applied Physics 


Fig: 1.6 Schematic diagram of atomic spontaneous emission 


Symbolically, atom’ — atom + photon 


(c) Stimulated emission: Before an atom 
emission, if a photon having energy equal 


(1.2) 


in the excited state undergoes spontaneous 
to the energy difference between the two levels 


interacts with it and induces it to make transition from its excited state to ground state 
with emission of a photon, then that process of de-excitation is called stimulated emission 
which gives two photons, one is the incident photon and second one is emitted due to 
downward transition. These two photons are identical with respect to energy, wavelength 
(or frequency), phase, state of polarization and direction of propagation. Thus the emitted 


radiation is amplified, unidirectional, coh 
working principle of a Laser. A schematic 
E, 


hv 


E 


erent, narrow and monochromatic. This is the | 
representation of it is shown in Fig. 1.7. 


Fig: 1.7 Schematic diagram of atomic stimulated emission 


Symbolically, atom* + photon — atom + 2 photon 


(1.3) 


1.4 DIFFERENCE BETWEEN SPONTANEOUS AND STIMULATED EMISSION 


= 
Spontaneous Emission 


Stimulated Emission 


An excited molecular state relaxes to lower 
energy state naturally. 


An excited molecular state relaxes to lower 
energy state when stimulated by another photon. 
oes 


It is an arbitrary process and cannot be 
controlled from outside. 


Metastable state and population inversion are 
not required for spontaneous emission to occur, 


It is not an arbitrary process and can be 
controlled from outside. 


Metastable state and population inversion is 
essential for simulated emission to occur. 


Photons are emitted in all directions making the 
light non-directional, 


Photons emitted have the same direction as that 
of stimulating photon and hence light produced 
is directional, 


Photons emitted are of different frequencies and 


Difference in the frequency of the emitted 
photons are very small making the light almost 
monochromatic. 


hence light is not monochromatic. 


Emitted photons do not have a phase relationship 
with each other, Thus the light produced is 
incoherent, 


All emitted photons are in phase with each 
other, Thus the light produced is coherent. 


| Amplification of light does not occur due to 
multiplication of photons, 


Light amplification occurs due to “wliiillontion | 


of photons. | 
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1.5 EINSTEIN'S EQUATIONS 


Laser beam is obtained only if the rate of stimulated emission exceeds the rate of spontaneous 
emission. The rate of absorption of incident photons depends on the number of atoms in the 
ground state and the energy density of incident photons. Mathematically it can be given by, 


Tabsorption = By, N,Q (1.4) 


where B, is the proportionality constant called Einstcin’s coefficient, N, the number of 
atoms at the ground state, and Q the energy density (i.c. the number of photons that have 
exact energy hd required for transition from E, to £2). 


The rate of stimulated emission depends on the number of atoms at the upper state and can be 
given by 
Tstimulated = B21 N2Q (1.5) 


where B>, is the Einstein’s coefficient, N2 the number of atoms at the upper energy state, 
and Q the energy density (i.e. the number of photons that have exact energy hd = Ez — E;). 


Since spontaneous emission is a natural process the rate of spontaneous emission is 
independent of the incident energy density but depends only on the number of atoms at the 
upper state. Thus 


Tspontaneous = 421 N2 (1.6) 


where A>; is the Einstein’s coefficient, and N2 the number of atoms at upper state 
available to emit photons. The processes are schematically shown in Fig. 1.8. 


B,2N,Q Ax Np 


Fig. 1.8: Spontaneous and Stimulated Processes in a Two Level System 
1.6 COHERENCE LENGTH AND COHERENCE TIME: 


Coherence refers to the extent to which electromagnetic radiation retains a closely consistent 
phase connection, covering both temporal and spatial dimensions, The time for which 
coherence remains intact is referred to as coherence time. And the length that a signal could 
travel through a vacuum within this timeframe is denoted as the coherence length. 


For example, in the case of light-emitting diodes, the coherence time typically falls within 
half a picosecond, while the associated coherence length is approximately 15 microns. 
Conversely, a basic laser might exhibit a coherence time of roughly half a nanosecond, 
accompanied by a coherence length of around 15 centimeters. 
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In the case of a high-quality laser with a narrow linewidth, the coherence time could extend | 


to about a microsecond, while the coherence length could potentially stretch up to 200 
meters. 


The range of signal variation (referred to as linewidth) and the coherence length, as well as 
coherence time, are inversely proportional. 


2 
Length conerence = € X Timeconerence = = (1.7) 
e rey 2 
oe yh Leoh = ¢ X Tcon = (1.8) 
ee 
oe 


Where Ad is the linewidth and A is the center wavelength 
Leon is Coherence Length 
Tcoh is Coherence Time 
c is Speed of Light 


1.6.1 COHERENCE LENGTH 


Coherence length is a measure of the distance over which a wave maintains a consistent 
phase relationship. In other words, it is the distance over which a wave retains its 
characteristic waveform before significant phase changes or wave interference occurs. In 
optics, coherence length is frequently used to describe the quality of light sources, such 

as lasers. A longer coherence length indicates that the light waves from the source are more 
synchronized and maintain their phase relationship over a larger distance. 


The coherence length (L¢oj) is related to the wavelength (A) and the degree of spectral 
bandwidth (AA) of the wave by the formula: 
22 
Leoh = v1 (1.8) 
where a smaller spectral bandwidth or a longer wavelength results in a longer coherence 


length. Coherence length is important in various applications, including 
interferometry, holography, and optical communication systems. 


1.6.2 COHERENCE TIME 


Coherence time is a measure of the time duration over which a wave maintains its coherence 
or phase relationship. In quantum mechanics, coherence time is often associated with the 
duration in which a quantum system can remain in a superposition of states before 
decoherence sets in and the quantum properties are lost due to interactions with the 
environment. Coherence time is a critical factor in quantum computing and quantum 
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information processing, where maintaining the delicate quantum states is essential for 
performing complex computations. 


The coherence time (Toh) can be related to the spectral linewidth (Av) of the wave by the 
formula: 


1 
Tcoh = 5 (1.9) 


Similar to coherence length, a smaller spectral linewidth leads to a longer coherence time. 
Coherence time is a crucial parameter in fields such as quantum optics, nuclear magnetic 
resonance (NMR) spectroscopy, and quantum cryptography. 


1.7 METASTABLE STATE 


An atom can stay in the excited state for a very short period of 10* second as shown in Fig. 
1.9. After that they undergo transition to ground state naturally (spontaneously). The 
spontaneously emitted photons have no preferred direction and they do not have phase 
relations with each other. The light generated is therefore incoherent. (Repeated) It is not 
however necessary that the atom is always de-excited to ground state. It can go to an 
intermediate state, called metastable state with non-radiatiative transition, where it stays for a 
much longer period than in the upper (excited) level and then come down to the ground state. 


Since the atoms can reside in the metastable state for longer time (about 10“ to 10° second) 
they accumulate in this state and their de-excitation to ground state gives out coherent 
radiation. In fact the metastable state is necessary for lasing action. 


E; On Excited state 


Rapid decay 


Pumping | E, Meta-stable state 


WV\w>_ Laser light 


Ground state 
Fig. 1.9: Metastable state for Laser action 


E, 


1.8 POPULATION INVERSION 


Usually the number of atoms in the ground state is more than that in higher states, Boltzmann 
principle, which is the fundamental law of thermodynamics, states that at thermal equilibrium 
the relative population between any two energy levels is given by, 


z= ep (-") (1.10) 


where, N; and N; are the populations of the lower and upper energy states respectively, T the 
equilibrium temperature, and k the Boltzmann constant. Since E.— £\= hd, Eqn. (1.11) can 
be written as 


M2 = exp (-") (1.11) 
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But for stimulated emission to occur there must be more number of atoms in the metastable | 
(upper lasing level) state. If Eis the ground state and E, represents metastable state then 
always the number of atoms N> in the metastable state should be far greater than number of 
atoms N; in the ground state (lower lasing level). 


Thus the condition N2 > N,, called population inversion is essential for lasing. 


A medium in which population inversion is achieved is called an active medium also called 
a gain medium. A laser is produced by providing energy to an active medium which is the 
substance that produces the light in the precise wavelength of the laser. The active medium 
may be solid, liquid, or gas. The atoms in the active medium responsible for stimulated 
emission and light amplification are called active centers. 


E, ——————_e—_- E, -e—e— 0-2-0 —_0-0— 
E, -e-0-0-e-0-0-e—_e-e— E, —e—e——_—_e—_ 
(a) Normal Population (b) Population Inversion 
Fig. 1.10 
1.9 PUMPING 


To achieve population inversion it is necessary that the atoms in the ground state be 
continuously transferred to excited state from where they make non-radiative transition to the 
metastable state and then radiative transition from metastable to ground or lower lasing level. 
The mechanism of raising ground state atoms to upper states is known as pumping. To raise 
atoms from ground state to upper states input energy is required. In solid state lasers and dye 
lasers optical pumping is used whereas electrical pumping method is employed in gas 
lasers and in semiconductor lasers. 


1.9.1 PUMPING SCHEME 


(a) Two-level Pumping Scheme: Suppose there are only two levels, a ground state E, and 
the metastable state £,, Pumping raises the ground state atoms to this metastable state. 
As the population inversion is attained the laser would lase and there would be more 
atoms in the ground state. Thus to maintain population inversion atoms must be 
energetically pumped to metastable state E, from the outside. Although the model of 
two-level pumping is theoretically sufficient to explain properties of laser light, 
actually building a laser with two energy level scheme becomes somewhat more 
complicated, 


(b) Three-level Pumping Scheme: In a three-level atom system the ground state atoms 
are pumped to uppermost energy level £3 when light of energy hd = E3- E; is incident 
on them. Level £3 is unstable. The excited atoms at this level make spontaneous 
downward transition before 10* seconds either to the ground state EF, or to an 
intermediate state E,, The spontaneous transition E3 + E2is more probable than E3 
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—€E,. The transition E3 — E, is non-optical and the energy difference F3 - EF» is 
transferred to the lattice. The number of atoms in the temporary stable EF, state 
increases. When more than half of the ground state atoms gather at E,, a photon of 
energy h? = E2 - E, released in the spontaneous transition, which is a rare event, 
causes stimulated emission. 

E3 Excited state 
Non-radiative transition 


; Meta-stable state 
Pumping 
energy 


E, 


Stimulated emission 
(Laser) 


Ground state 


Fig. 1.11 Three level pumping scheme 


In three-level laser system, metastable state is the upper lasing level and ground state is 
the lower lasing level. To pump more than half of the ground state atoms to the upper 
lasing level (metastable state) a very high energy is required. 


(c) Four-level Pumping Scheme: In four-level pumping scheme ground state E; is not the 
lower lasing level. Atoms are pumped from ground state to the uppermost level Ey. 
There is non- radiative rapid decay from E, to energy level E; which is the metastable 
state. 


The laser transition from metastable state terminates at an unstable intermediate state E> 
rather than at the ground state. The intermediate state decays non-radiatively very fast to the 
ground state. Since population inversion is to be achieved between F3; and E, a modest 
amount of pumping is sufficient to populate the metastable state. 


Ey Excited state 


Non-radiative transition 


4 Meta-stable state (Upper lasing level) 
Pumping 


energy Stimulated emission 


(Laser) 


Lower lasing level 
Fast non-radiative transition 


E Ground state 


Fig. 1.12 Four Level Pumping Schemes 
1.9.2 PUMPING TECHNIQUES 
The most common methods of pumping are described below. 


(a) Optical Pumping: This is the efficient method for solid state lasers as they have broad 
absorption bands. This method uses photons to excite the atoms to the higher energy 
state, generally, by means of flash lamp. The incident photons from the flash lamp are 
used by the atoms of the laser medium to excite to the higher energy states to achieve 
population inversion. 
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(b) Electrical Pumping: This type of pumping can be used in lasers where the lasing 
activity and electrical discharge do not interfere with cach other. It is mainly used in | 
gas laser, dye laser and semiconductor laser, In gas laser, high voltage ionizes the gas, 
Electrons in the discharge tube are accelerated by electric field which in turn collide | 
with the atoms, ions or molecules in the active medium and are excited to higher 
energy states to achieve population inversion. 


1.10 RESONANCE CAVITY 

When population inversion is achieved between the upper lasing level and lower lasing level, 
most of the excited atoms emit photons but do not contribute to the overall output. For 
amplification and subsequently giving out coherent highly directional intense light beam is 
necessary. 

An optical resonator known as Fabry-Perot resonator that consists of two mirrors facing each 
other between which an active medium is placed provides positive feedback to the medium 
and turns the system into a laser. 


The mirrors are perfectly parallel to each other and perpendicular to the axis of the active © 
medium. The mirror at one end is made 100% reflecting while the other one is 
semitransparent as shown in Fig. 1.13a. | 


Such an optical configuration of two plane parallel mirrors with a plane parallel slab of air 
between them was invented and used by Marie Fabry and Jean Perot in their study of | 
interference effect produced by multiple reflections. 


Incident Radiation 


100% reflecting eooeeo ial ee ee ited eoeooe Partially reflecting 
i ctive medium . 
muTOr eooeoe eee ee 0 008 Cee muror 


eeee e@ @ e@e3e © @ @ @ 
Fig. 1.13(a) 


Working of optical cavity 


(a) Radiation is incident on the active medium and raises it to excited state. 


Fig, 1.13(b) 


(b) Excited atoms emit photons in all directions. 
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Spontancous emission Stimulated emission 
Fig: 1.13 (c) 


(c) The off-axis photons are undesirable pass out from the sides of the resonator and are 
lost. Those are emitted parallel to the axis and reach highly reflecting mirror, bounce 
back into the medium whereas some of the photons moving towards semitransparent 
mirror pass out and rest of them reflect back into the medium. Each of the axial 
photons in its back and forth journey triggers one excited atom to undergo stimulated 
emission. 


Each stimulated transition gives out two photons. The process continues and number of 
photons double at each step. As a result number of photons having same frequency, 
phase, and the direction goes on increasing enormously. In fact the resonance cavity 
acts as an oscillator by returning some of the photons back into medium where all the 
photons are in the same phase. Thus the light wave of large amplitude is built up 
between the mirrors. 
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Fig. 1.13(d) 


(d) Finally when the beam of sufficient strength is built it burst out of the semitransparent 
mirror. 


Fig. 1.13 (e) 


1.11 CHARACTERISTICS OF LASER 
The most salient features of a laser beam are: 


(a) Directionality: Radiation from a laser source travels in a single direction only with 
minimal divergence. Owing to this, it can be transmitted over long distance. As the 
active medium is placed in a resonant cavity its gets reflected back and forth inside the 
cavity. The light that travels parallel to the axis only is emitted as laser beam and rest 
of the light is eliminated, 
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(b) Intensity: A laser beam is highly intense compared to ordinary light. Laser radiate, 
light into a narrow beam and its power is concentrated in a small region of space owin 
to its very less divergence. Whereas, the intensity from an ordinary source of light 
decreases with increase in distance as it spreads out. It is noted that a laser of 1 way 
appears more intense than ordinary lamp of ~100 watt. 


(c) Monochromaticity: When a light source produces a single wavelength it is said to be 
monochromatic. In reality this is not possible. Thus a light source is characterized not 
by a single wavelength but by spread in wavelength about the central wavelength. The 
wavelength spreads over a range of ~100A to 1000A for ordinary light, whereas for, 
laser it is less than 10A, 


(d) Coherence: It is the most prominent feature which distinguishes laser from ordinary 
light. Laser has long (several kilometers) trains of wave characterized by high degree 
of space and time coherence. Two waves are said to be coherent if they have zero or 
constant phase difference between them. It is feasible to obtain interference pattern) 
from two independent laser sources which is impossible in case of ordinary light. As an 
ordinary light source is a jumble of short wave trains that reinforce in a random manner 
resulting in an incoherent source of light. Coherence length for a sodium lamp is 
~0.3mm whereas for He-Ne laser it is ~100m. 


1,12 HELIUM-NEON LASER 


He-Ne laser is a gas laser. It gives continuous wave output. It works on a four level pumping 
scheme. It was constructed by Ali Javan and his colleagues in 1960 at Bell Telephone 
Laboratories. 


Construction 


A mixture of helium and neon in the ratio 10:1 at a low pressure about | torr (equivalent to 
Imm of mercury) is placed in a quartz tube about 100 cm long and 1.5 cm internal diameter 
as shown in Fig, 1.14, 


Brewster's 
window 


Helium- Neon mixture (10:1) 


100% tefleoting Brewster's Partially 
murtor window — reflecting mirror 


Fig, 1,14 Helium Neon Laser Tube 


To prevent the loss of the beam Brewster-angle windows are attached to each end of the 
discharge tube, When Brewster-angle windows are used, the beam is automatically polarized 
in a single transverse direction, 


According to Brewster’s law, if an unpolarized beam is incident at an angle, 


| 


6= 6,= tan™? (%2) , then the reflected beam will be plane polarized. Here 6, is known as | 


polarizing angle or Brewster’s angle, n, the refractive index of air (or gas) and n, the | 
refractive index of window glass. 
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A high voltage power supply provides current to the system. Two concave mirrors facing 
each other one finely reflecting and the other semitransparent are fixed at two ends on the 
axis of the tube forms a Fabry-Perot resonator, 


Working 


In He-Ne laser, neon atoms are the active centers, Helium atoms help neon atoms gain 
sufficient energy and raise them to the higher energy states. 


When an electric discharge is passed through the gas the electrons collide with helium and 
neon atoms. Helium atoms are lighter and therefore get excited from its ground state F; to 
higher energy state F;, The F; state is metastable and its energy is 20.61 eV. 


Further the transition F,— F, is not allowed. The helium atoms in F; state collide with 
ground state neon atoms. Helium atoms return to ground state by imparting their energy 
20.61 eV to neon atoms so that neon atoms are raised to higher energy state Ey. 


Also, the kinetic energy with which helium atoms collide with neon atoms provides 
additional 0.05 eV energy to the neon atoms. This way the neon atoms which are the active 
centers are pumped to £, state which is metastable. The energy of E£, state is thus 20.66 eV. 


Population inversion is achieved between upper lasing level Es and lower lasing level E;. 
Lasing takes place in a transition E, > E;. The wavelength of emitted photon is 6328 A. The 
Fabry-Perot resonator builds a highly coherent, directional and intense laser beam. 


The transition from E; to E2 is spontaneous one and yields only incoherent light. The atoms 
in the E> state come to the ground state E, by losing their energy in collision with the tube 
walls. Since the excitation of helium and neon atoms due to electron impacts takes place 
incessantly, a He-Ne laser operates continuously and hence emits continuous wave. 


Energy Level Diagram 
Energy transfer through 
F, inelastic atomic collision | 99 66 ey E, 
20.6) eV Lesser transition (6328 A) 


Metastable state Metastable state 
18.70 eV E, 


Spontaneous emission 


Ey 
Electron 
impact 
Radiationless 
transition 
F, Ground Ground E, 
state state 
Helium Neon 
alom atom 


Fig: 1.15 Energy Level Diagram of Helium Neon Laser 


14 | Applied Physics 


The most often used laser transition in neon is red color laser operating at 6328 A. It is the 
easiest wavelength to produce since it has the highest gain. The other visible wavelengths that 
can be produced are green laser (5435 A), yellow laser (5940 A), and orange laser (6120 A), 
In the near infrared there are transitions in the 11500 A (1.15pm), 15230 A (1.523 jm), and 
33900 A (3.39 jm). 
» Advantages: It emits more directional and more monochromatic light. It is a continuous 
wave laser. It can operate continuously without the need for cooling. 


« Disadvantage: It has a small output. 
« Applications: It is used to read bar codes, in scanners and printers and in holography. 


1.13 APPLICATIONS OF LASER 


Laser finds applications in the field of scientific research, military operations, industry, 
communication, medicine, entertainment, etc. 

1, The initial famous application of laser was made on the lunar ranging experiment of 
Apollo II Mission of 1969, when an array of retro reflectors was mounted on the surface 
of the moon and pulses from a ruby laser were sent from the earth. The reflected beams 
were received by suitable detectors and by measuring the time taken by the pulses in 
going from the earth to the moon and back, the distance of the moon from the earth was 
calculated to an accuracy of 15 cm. 

2. In military operations the laser range finders which work on the principle of a radar use 
neodymium and carbon dioxide lasers have become a standard item to know the 
distance of the enemy tank and other targets. 

3. In naval applications, instead of ultrasonic waves lasers are used as source of 
underwater transmission. For efficient ranging and detection frequency doubled 
Nd:YAG laser or an argon gas laser or a Raman shifted xenon chloride laser is used. 


4. A missile can be guided and controlled by an infrared beam emitted from a laser. 
5. Pulsed carbon dioxide, Nd:YAG or alexandraite laser is used for laser drilling. 


6. Micromachining of circuit boards and semiconductor chips containing memory and 
logic circuits makes use of laser. 


7. Continuous wave lasers are used for cutting materials like metallic foils, ceramics, 
graphite, sapphire and diamond. 


8. Laser beam is used in optical fiber communication. 

9. Lasers are used in eye surgery and cancer treatment, 
Above are only few applications of laser beam but in reality lasers are used in many other 
scientific and engineering applications, 
1.14 LIDAR (LIGHT DETECTION AND RANGING) 


LiDAR is acronym for Light Detection and Ranging. It is a remote sensing technology that 
uses laser light to measure distances and create detailed three-dimensional maps of surfaces. 
The system works by emitting laser pulses toward a target, which then reflect back to the 
sensor. By measuring the time it takes for the pulses to return (time-of-flight), the system 


Jasna 
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calculates the distance to the target. These measurements, combined with precise GPS and 
orientation data, form a dense point cloud of 3D coordinates. 


: Time of Flight 
The Distance of the object = Speed of Light x an” Tad 


A LiDAR system consists of a laser source, scanner and optics, a photodetector, a GPS 
receiver, an IMU (Inertial Measurement Unit), and a computer system for data processing. 
Aero planes and helicopters are the most popular platforms for collecting LiDAR data 
overlarge areas. There are two types of LIDAR: topographic and bathymetric. Topographic 
LiDAR typically uses a near-infrared laser to map the land, while bathymetric LiDAR uses 
Reretssosicating. ares. ight to measure the elevation of the seafloor and riverbed, Its 
advantages include high accuracy, longe# range, and better resolution, the ability to penetrate 
vegetation, rapid add eaiscion and versatility ini mounting on various platforms. 


LiDAR technology is used to create detailed topographic maps in a variety of applications, 
including mapping and surveying. Environmental monitoring, forestry, agriculture, urban 
planning, archaeology, and _ self-navigating vehicles for obstacle detection. 


Measuring Distance Using LiDAR 
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Fig: 1.16 Distance measurement by LiDAR 
1.15 BARCODE 


items, or information.|Invented by Bernard Silver and N. Joseph Woodland in the 1940s, 
barcodes have revolutionized shopping, inventory management, and information access. 
They're used in various industries, including retail and healthcare, to streamline processes, 
reduce errors, and increase efficiency, Commonly referred to as UPC, QR code, EAN, and 
Data Matrix. These barcode commonly referred as, \ 


barcode is a eh en that can be read by machines to identify and track products, 


a) 1-D (One-Dimensional) Barcodes: These barcodes consist of'a single row of lines and 
spaces that represent data. They are read from left to right and can store a limited amount 
of information, typically up to 20 characters, Examples of 1D barcodes include: 

——a 


16 | Applied Physics 
- UPC (Universal Product Code) 
- EAN (European Article Number) 
- Code 128 


- Code 39 


One-Dimensional Barcodes 
*34009123465621% ill 


Digitized Signal | | | | | | | | | 


b) 2-D (Two-Dimensional) Barcodes: These barcodes use a matrix of squares or dots to 
represent data. They can store much more information than 1D barcodes, up to 7,089 
characters, and can be read in multiple directions. Examples of 2D barcodes include: 


- QR Code (Quick Response Code) 
- Data Matrix 
- PDF417 


- Aztec Code 


2D barcodes are often used for more complex applications, such as storing URLs, contact 
information, or even small images, 
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Two-Dimensional Barcodes 


CR HOME psac) § 


1.15.1 BARCODE READER 


A barcode reader or barcode scanner is an optical scanner that can read printed 
barcodes and send the data they contain to computer. 

It consists of a light source, typically a laser or LED, to illuminate the barcode, and a 
sensor to capture the reflected light. The reflected light is converted into an electrical 
signal, which is then decoded into digital data. This data is transmitted to a computer 
or system for processing. 

Process of reading barcodes: 

Barcode can be read by dragging the barcode tip across its bars. The light was absorbed by 
the dark bars and the lights were reflected back by the white space. Laser scanners, pan 
readers, camera-based readers, and CCD readers are the technology or process that helps in 
the process of reading a barcode. It is also important to note that reading barcodes also faces 
some challenges. They can be such as bleed in ink, colour contrast that is insufficient, peeling 
of the barcode labels and many more. 


Digitized Signal | | | | | | | | | | 


TYPES OF BARCODE READERS:- 


1) Pen Scanners: Shaped like a pen, these devices are swiped across the barcode 
to read the data. 

2) Handheld Scanners: These are portable and manually operated devices, 
commonly used in retail settings for scanning product barcodes at checkout 
counters. 
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3) Laser Scanners: can quickly scan barcodes from various distances and angleg 

4) Mobile Computers: Portable devices with integrated barcode scanners, Often 
used in logistics and fieldwork for tracking inventory and managing assets op 
the go. 

5) 2D Scanners: These are capable of reading both 1D and 2D barcodes, such ag | 
QR codes. 

6) Fixed-Mount Scanners: These stationary scanners are used in high-volume | 
environments like warehouses, where products or packages pass by the) 
scanner. 

7) CCD readers: Charge-coupled device (CCD) readers use an array of hundreds 
of tiny light sensors lined up in a row in the head of the reader. Each sensor | 
measures the intensity of the light immediately in front of it. 


1.15.2 DIFFERENCE BETWEEN 1-D BARCODE AND 2-D QR CODE 


1-D Barcode 


2-D QR code 


It was introduced in the year 1952. 


It was introduced in the year 
1994, 


Its developer is Norman Joseph 
Woodland. 


Its developer is Masahiro 
Hara. 


There are 2 types of Barcode, 1 
dimensional and 2 dimensional. 


There is only 1 type of QR 
Code. 


It is a way of storing numbers in a 
printed format that is also computer 
understandable. 


It is a type of 2 dimensional 
barcode or printed 
representation of data that 
can be scanned for data 
retrieval. 


It is used at stores for tracking all 
purchased items, in hospitals for 
tracking the records of patients, in 
rental cars business and tracking of 
airline luggage, mails and nuclear 
waste, 


The storage capacity is greater than 


100 bytes, 


It is used in supermarkets, 
hospitals, and cinema or by 
individuals etc. for transfer 
of data (sharing contacts, 
photos, videos and other 
documents. 


The storage capacity is 2 kilo 
bytes. 
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1.16 APPLICATION OF LASER IN METAL WORK 


Lasers are widely used in metalworking for their precision and efficiency. Key 
applications include: 


e Laser Cutting: Laser cutting uses a high-power laser beam to precisely cut 
metals such as steel, aluminum, and copper, resulting in less waste and clean 
edges. It is extensively used in the automotive, aerospace, electronics, and 
manufacturing industries to create parts and intricate designs. 

e Laser welding: Melts metal pieces together with a laser beam, resulting in 
high speed, deep penetration, low heat impact, and the ability to weld 
difficult-to-reach areas. It is used in the automotive, aerospace, medical 
device, and electronics industries to produce strong, precise welds in materials 
such as stainless steel, aluminum, and titanium. 

e Surface Treatment: The use of a laser beam to modify metal surfaces 
improves hardness, wear resistance, and corrosion resistance. Laser 
hardening, alloying, and texturing techniques are used on metals such as steel, 
titanium, and aluminum. It is used in the automotive, tooling, and electronics 
industries to improve component durability and performance. 

e Laser drilling: To create precise holes in metals, material is melted and 
vaporized. It is known for its high precision, ability to create intricate holes, 
and compatibility with metals such as stainless steel, titanium, and nickel 
alloys. Common applications include aerospace (cooling holes in turbine 
blades), electronics (microvans on circuit boards), and medical devices. 

e Laser additive manufacturing Laser 3D Printing: The process of layering 
metal powder or wire with a laser to create precise, complex objects. It is 
known for its high precision and low material waste when used with metals 
such as titanium and stainless steel. It is used in aerospace for lightweight 
structures, medical for customized implants, and automotive for rapid 
prototyping and high-performance parts. 

¢ Laser Engraving and Marking: Using a focused laser beam, create detailed 
designs or information on metal surfaces by removing material or changing 
color. It has high precision, durability, and is applicable to metals such as 
steel, aluminum, and titanium, as well as plastics and ceramics. Applications 
include product branding, personalization, serial numbers, and decorative 
markings in industries such as electronics, automotive, and consumer goods. 
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SOWA PROHLRME 


1, White Hatt has a Qrequeney tanqe ron Od C08 1 0 07 COE Hiss Hind the 

coherence thie and cohorenoe longdh Aelh | 

Solutions Givens tequenoy 0, =O LO! Ty, ay = 047 x10! Ny | 
\ 

Formulas toon = yy Where Av is (he thequeney bandwidth 


Kirst, lot's catoutate the Nequenoy bandwidth (Ad) 


) ’ | 
AN ay = oy vy = (7 Oe) x 10! He 0.9 LO! Ly | 
Aw ree 
x? ov Now, we can catoulate the coherence (lave (pon) ye 4 
ov : 


| f 
Teoh = Bo = ag 839 x0! ye 
er Av 08x10" K 


Next, to find the coherence length (L,), we use (he formula 
heal =X toon 
Leoh @ 8X 10" 3.33% 10! 60,001 km or Imm 


So, the coherence time for white light is approximately 3,33 x Ig aeconds, and the 
coherence length is approximately | millimeter, \) Ny 


\ ; {\ 
2. If light of wavelength 6600 A has wave trains 20 long, what are ts cohorenst 
length and coherence time? i 
Solution: Given: A= 6600A, N = 20wave trains, Leoh 2, Typ ™?, 
Nis the number of wave trains and A is the wavelength 
Formula; Lcoh = N XA, Lcooh = ¢ X Toon 
Now, we can calculate the coherence length (L): 
Leoh = N XA = 20 X 6600 X 10° 4M = 1.32 X 10m = 0,0132mm = 13.2.0 


Next, to find the coherence time(Tggp) we use the formula: 
Lcoh = ¢ X Toop 
Lcoh 1,32 x 10° Aol 
Teoh = em “Ix 108 = 4,4 x 16 sec 
So, the coherence length for the light is approximately 0,0132 millimeters, and 
coherence time is approximately 4.4 x 104 sec 
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3. Compute the coherence length of light with 6328 A in 10-9sec pulse duration. alo! ate Ake 10 of 
Solution: Given: A = 6328A, Toon = 107%sec 6 
aove trans 


N is the number of wave trains and ) is the wavelength 
Formula Lcoh = c X Tcon = N XA 


To find the coherence length, we need to first calculate the coherence time (Tcgp) 
using the given pulse duration 


Coherence length, Lcoh = € X Tcon 


Lcoh = 3 x 10° x 107? = 0.3m 
ene Pon , 


Now, we can also use the wavelength to calculate the coherence length 


2 = 6328 A = 6328 x 107° m= 6,328 x 10’ m 


The coherence length can also be calculated as i coh = Ww + » 
Lceoh = ¢ X Teoh = N XA nye Loh 


Rearranging to solve for N, we get, 


So, the coherence length for the light is approximately 0.3 meters, which corresponds 
to about 474 wavelengths. 


4) A He-Ne laser, giving light at 6330 A has a coherence length of 20 km. Determine its 
coherence time and the number of waves per wave train. 


Solution: Given: Lcoh = 15 km = 15000m 4 = 6332A,, Ton =? 


N is the number of wave trains and A is the wavelength Liok= Xx Cah 
Formula Leoh =c¢ X Teon =NXA - NY » 
First, let's calculate the coherence time (t) using the formula: i > 
Lcoh = € X Teoh 7 ok. 
_beoh _15000m ages D”* 
Teoh Se Sx 108m/s . — 


Next, to find the number of waves per wave train (N), we use the formula: 
Looh = ¢ X Teo, = NXA 
Lcoh=N XA 


22 | Applied Physics 


Lcoh 15000 10 aie 
= = ————_ = 2, = 23 million 
N=— = G332x 107 73 * 10 ™ 


So, the coherence time for the He-Ne laser is approximately 5 x 10° seconds, and the 
number of waves per wave train is approximately 23 million. 


i 
| 
| 
| 
| 
| 
| 
| 


5, A ruby laser emits light of wavelength 695.5 nm. If a laser pulse is emitted for 1.5 
x10- 11sec and energy released per pulse is 0.15J (i) what is the length of the pulse? And | 
(ii) how many photons are there in each pulse? | 


Solution: Given: 2 = 695.5 nm, Tcon = 1.5 X 1074*sec, Lcoh =? 
E = energy released per pulse is 0.15], | 
N is the number of wave trains and A is the wavelength | 
Formula Lcoh=c Xt, =NXA 
i) Let's calculate length of the pulse, 
Lcoh = ¢ X Tcoh 
Lcoh = 3 x 108 x 1,5 x 10-44 = 4.5 x 103m = 4.5mm 
ii) | Now, N is the number of wave trains and A is the wavelength 


First, calculate the energy of a single photon (E) 


at 34 8 
he _ 6.626x10~34x3x10' = 
CO. Bata Pe] = 2.83 x 10719] 
a 6695x1079 


Next, calculate the number of photons 


Energy released per pulse 0.15 
= i= _ = 59 x 102” 
mn Energy of one photon 2.83x10719 5.29 O™ photons 


So, there are approximately 5.29 x 10'” photons in each pulse. 


6. The wavelength of He-Ne laser is 6328 nm. Its output power is 3.147mW. How ma 
photons are emitted per minute when it is in operation? 


Solution: 


Given: A = 632.8 nm = 632.8 x 107° m, p = 3,147mW = 3.147 x 1073,t = 
1minute = 60sec n =? 


Formula Energy of aphton,E = x ,h— planks constant 


If n is the number of photos, Energy of n number of photons is, 


Energy of aphton,E =m. pxt 
nhe | 
To | 
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naPXAx t _ 3.147 x 1073 x 632.8 x 107° x 60 
he 6.63 x 107-34 x 3 x 108 
n=6x 1017 exio8 
7. Find the ratio of population of two energy levels in a laser if the transition between 
pe asi light of wavelength 694.3 nm. Assume the ambient temperature to be 


Solution: 


Given: 4 = 694.3nm = 694.3 x 10-9 m,T = 27°C = 300K, k = 1.38 x 10-73 J/K, 
h = 6.63 x 107°4/s 


he 

N. -, eee 

Formula a = e@2-Fnykr = e~aKT 
1 


A s 6.63x10734x3x108 
—=€e 694.8x10-9x1.38x10-23 x300 
1 


a = 8.874 x 1073 ov andl dh 
1 S 


8 Laser source with a wavelength of 488 nanometers (nm). The Spectral width of the 
laser is measured to be 0.5 nm. What is the coherence length of this laser source? 


Solution: Given: A = 488 nm, A) (spectral width) = 0.5 nm Lcoh =?, 
nag 


Formula:. Lcoh=cX tg, = x = MAM 
2 
Lcoh = A 
2? 4882nm 
Leah = Osa 


Lcoh = 238,144 nm or 0.238 mm 
Therefore, the coherence length of the laser source is approximately 0.238 
millimeters. 
SHORT ANSWER TYPE QUESTIONS 

1. Explain spontaneous and stimulated emission of radiation, 
2. What is the importance of metastable state and pumping in the production of Laser? 
3. Explain the following terms: 

(i) Induced Absorption and (ii) Population inversion, 
4. What is stimulated emission? What role does it play in the operation of a laser? 

What is pumping in LASER? Give the different types of pumping? 
6. Why two level pumping is not suitable for obtaining population inversion? 
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24. 
25. 


. How does the coherence time of a laser affect its ability to be used in optica 


. What is LiDAR technology, and how does it work? 
. What are two common applications of LiDAR technology, and how is it used in each? 
. What is the advantage of using LiDAR over traditional surveying methods like GPS 


What is active material in He-Ne laser? How population inversion is achieved in a Ee 
Ne laser? 

What is the role of resonant cavity in the operation of a LASER? 

Explain the role of Helium in the He-Ne Laser. 
Draw the energy level diagram of He-Ne laser. What is its wavelength in visible range? 
Give the various uses of Lasers in medical, engineering and scientific field. | 

Explain the significance of coherence length in laser applications. 

How does the spectral width of a laser affect its coherence length? 

Compare the coherence lengths of a monochromatic and a broad-spectrum laser source, 
Define coherence time and explain its relationship with laser pulse duration. 

Explain the difference between coherence time and pulse duration in a laser. 

What is the effect of increasing the wavelength of a laser on its coherence length? 
Explain how the coherence time of a laser is related to its spectral bandwidth. 


What is the effect of increasing the pulse duration of a laser on its coherence time? 


communication systems? 


leveling? 
What is the primary function of a LiDAR sensor? 


How does LiDAR measure distance to a target object? 


DESCRIPTIVE ANSWER TYPE QUESTIONS 


Derive the formula for coherence length (Lcoh) in terms of wavelength (1) and 
spectral width (Ad), and explain the physical significance of each term, (5 marks) 
What does the word LASER stand for? Explain main three processes involved in the 
production of LASER with appropriate figures. 

With neat energy level diagram describe the construction and working of He-Ne Laser. | 
What are its merits and demerits? 

Write a note on Barcode reader 

Describe the principles of LIDAR technology, including the use of laser pulses to 
measure distance 

Compare and contrast 1D and 2D barcodes, including their applications, advantages, 
and limitations. 

Write a note on LiDAR. 


_ CHAPTER 2. 


Fibre Optics 


2.1 INTRODUCTION TO FIBRE OPTICS 


The communication of message or information to far off places in its fullest extent requires a 
reliable communication channel. The channel or waveguide refers either to a physical 
transmission medium such as a wire or to a logical connection medium such as a radio channel. 
The information is carried through the channel by a signal. The invention of telegraph by 
Samuel Morse in 1835 was the beginning of the era of electrical communications. 


Alexander Graham Bell in 1880 invented a more scientific light communicating device known 
as photo phone which allowed transmission of speech on a beam of light. In 1895, Marconi 
demonstrated radio communication without using wires. To transmit information such as 
speech, images or data over a long distance a carrier wave is necessary. The information to be 
transmitted modulates the carrier wave. Though radio waves and microwaves which also are 
the forms of electromagnetic radiation are used as carrier waves to transmit signals over a 
long distance, coherent optical beams have more information carrying capacity because 
optical beams have frequencies in the range of 10"* to 10" Hz. 


The communication using light as signal carrier and optical Fibres as a medium of 
transmission is termed optical Fibre communication. The optical Fibre is a reliable light 
guide that works on the principle of total internal reftéction and preserves the information 
transmitted on a beam of light through it. 


2.2 STRUCTURE OF OPTICAL FIBRES 


An optical Fibre is a flexible, transparent glass or plastic Fibre slightly thicker than a human 
hair and it has a huge band width. It functions as a waveguide to transmit light between its 
launching and receiving ends. 


A Fibre optic cable consists of a core, cladding, buffer and jacket. The core is a transparent 
inner most element of highest optical density that carries light, Its diameter is of the order of 8 
xm to 100 ym, The core of the Fibre is surrounded by a transparent middle shell of slightly 
lower optical density is known as cladding. The lower refractive index of the cladding helps 
reflect light back to the core so that light retains within the core, The diameter of cladding is 
of the order of 125 ym. 


The core and cladding of the Fibre is surrounded by several layers of buffer coatings of 
plastic or polymer. The buffer acts as shock absorber to protect core and cladding from 
damage. The diameter of the buffer coating is of the order of 250 pm. 
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The outer jacket around the buffer layers provides tensile strength to the cable to prey 
pulling damage during installation. It also provides protection against moisture, abrasig, 
contamination and other environmental dangers. The diameter of the jacket is about 400 pall 
900 wm. The typical structure of a optical Fibre is shown in Fig. 2.1. 


1. Core: 9 pm diameter 
2. Cladding: 125 ym diameter. 
3. Buffer: 250 um diameter. 


; aa ae ee 4. Jacket: 400 ym diameter 
2 
1 
Fig: 2.1 Structure of a typical single-mode Fibre 
2.3 PRINCIPLE OF TOTAL INTERNAL REFLECTION zg 


The mechanism of light propagation along Fibre can be understood using the principle of 
geometrical optics. 
Let n; be refractive index of optically denser medium and np the refractive index of optically 
rarer medium. 
Let a ray of light travelling from a optically denser to rarer medium with an angle of incidence 
i, then the refracted ray bends away from the normal in the rarer medium as shown in 
Fig. 2.2 (a). 


Optically rarer medium 
no 


Optically denser medium 7, 


Fig, 2.2 (a) Refraction of light from optically denser to rarer medium 


As the angle of incident i increases, the angle of refraction r also increases and the refracted 
ray bends more away from the normal as shown in Fig. (2.2 b). 
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Normal 
| 


| 
Optically rarer medium | 


no 


Optically denser medium ny 


Fig, 2.2 (b) 


In the latter case, at the particular angle of incidence the angle of refraction becomes equal to 
90° which is known as critical angle ¢, as shown in Fig. (2.2 c). 


Normal 
| 
| 
Optically rarer medium | 


1 
ie | r=90° 
_ 


Optically denser medium ny 


Fig. 2.2 (c) Angle of refraction Zr = 90° at Zi = 


When the angle of incidence of a light ray is greater than the critical angle (i = ¢,) then the 
light rays bound in the same medium (optically denser medium). 


Thus the beam of light confines in the same medium and undergoes multiple total internal 
reflections as shown in Fig. (2.2 d). 


Normal 
| 


Optically rarer medium 
n2 


' 
| 
! 
1 
1 
1 
1 
' 


Optically denser medium 1, 


Fig. 2.2(d) Total internal reflection at Zi > Dc 
Therefore the critical angle can be calculated using Snell’s law, 


nysing, = nz sinr 


28 | Applied Physics 


‘ m2. 
sing, = Tid 


2.4 PROPAGATION OF LIGHT RAYS IN OPTICAL FIBRE 


Let 7 be refractive index of the core and n the refractive index of the cladding. The refractive 
index of the core is slightly greater than that of the cladding (>). 


As aray of light travels through the core of the optical Fibre it hits the core-cladding interface, 
If the angle of incidence at the core-cladding interface is greater than that of the critical angle, 
the ray of light confines in the core due to multiple total internal reflections as shown in Fig. 
(2.3). 


Fig. 2.3 Confinement of light beam within the core of optical Fibre 
The total internal reflection takes place if 


(a) The refractive index of the core is slightly greater than that of the cladding. 
(b) The angle of incidence at the core-cladding interface is greater than the critical angle 


(¢). 


.. According to Snell’s law, n,sing, = nz sin 90° 
F N2 : 
sind, = — (« sin 90° = 1) 
ny : 


Thus the light rays whose angle of incidence at the interface of core and cladding is greatef 
than the critical angle travel forward through the Fibre by multiple total internal reflections 
and emerge out from the receiver end of the Fibre. 


2.5 CLASSIFICATIONS OPTICAL FIBRES | 
The optical Fibres can be classified into following three categories. 
(a) Based on refractive index profile 
(b) Based on modes of propagation 
(c) Based on materials used 
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Classification of Optical Fiber 
Based on Modes of, 
Propogation 

Single Mode ; 
Step Index Multi Mode 


Step Index 
Multimode 


Based on 
Refractive Index 
Profile 


Step Index 
Graded Index 


Based on 
Material Used 
Silica Fiber 
Plastic Fiber 

Plastic Clad 
Fiber 
(a) Based on refractive index profile 


The light or the optical signals can be propagated through the silica glass Fibres by total 
internal reflection. A typical glass Fibre consists of a central core glass of the order of 
diameter 50 xm surrounded by the cladding of a glass of slightly lower refractive index 
than the core refractive index. The overall diameter of the Fibre is about 125 to 250 um. 


Graded Index 
Multi Mode 


On the basis of the refractive index profile optical Fibres are classified into two 
categories. 


1. Step index Fibre: In the step index Fibre the refractive index of core medium is 
uniform throughout it and changes abruptly at the core-cladding boundary. The light 
rays propagating through the Fibre are either in the form of meridional rays or axial 
rays. The meridional rays cross the Fibre axis for every reflection at the core 
cladding boundary and propagate in a zig-zag manner as shown in figure (2.4). 


2. Graded index Fibres: In the graded index Fibre the refraction index of the core is 
not constant but decreases gradually from its maximum value at the centre of the 
core. The decrease in refractive index with radius minimizes dispersion of light. The 
ray entering the core undergoes refraction from an optically denser layer to rarer 
layer and in this process it goes on bending at every refraction within the core 
known as helical or skew rays as shown in figure (2.5). 
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Fig: 2.4 Fig: 2.5 


(b) Based on modes of propagation 
The optical Fibres are classified on the basis of the modes of propagations into two types 


1. 


Single mode step index optical Fibre or (mono mode): Single mode or mono mod 
optical Fibre propagates signal in only one mode. It has a very small core diametz 
which is of the order of 8 to 10 pm. The refractive index difference of core 
cladding is very small. Therefore the light travels parallel to the axis of the core of the 
Fibre known as axial ray. The single mode Fibres are mainly designed to carry single 
signal at a time through the Fibre due to their very small core diameter. 


The fabrication of single mode Fibres is very difficult so these types of Fibres 

costly. Further the launching of light into single mode Fibres is also difficult due 
their shorter diameter. In this mode optical Fibre suffers little pulse dispersion knows, 
as intramodal dispersion. 


Generally in the single mode Fibres the transmission loss of the signal is very small 
The input and output pulse propagating through the Fibre is as shown in figure (Fig 
2.6). 

Index of Refraction Input Pulse Output Pulse 


These Fibres are mainly useful for long distance signal transmission such as telephone 
and cable television networks. Single mode index optical do not allow use of LED 
source due to small core diameter. 


Multi-modes Fibres (MMF): Multimode optical Fibre has the larger core diametef 
compared to mono-mode Fibre, Its core diameter is of the order of 50 to 100 xm. The 
refractive index difference of core and cladding is larger than that of the single modé 
Fibre, The multimode optical Fibres are mainly designed to carry multiple signals at 4 
time through the Fibre due to their larger core diameter. In these Fibres the signals 
emerge out at receiver end are at different times, As a result the multimode optical Fibre 
creates larger pulse dispersion in compare with single mode Fibre. Multi-mode index 
optical Fibres permit use of light emitting diodes (LED) due to larger core diameter, 
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Multimode optical Fibres are classified into two categories as follows: 


(i) Multimode step index Fibres: Multimode step index Fibre permits a large number of 
signals to propagate through it in different modes and in zig-zag manner as shown in Fig. 
(2.7). 


Index of Refraction Input Pulse Output Pulse 


125 pm 


Fig: 2.7 
In multimode step index Fibre the signals which are making larger angle of incidence at 
the core-cladding interface have to travel shorter path length to emerge out from the 
receiver end known as low mode. On the other hand the signals which are making 
smaller angle at the core-cladding interface have to travel longer path length to emerge 
out from the receiver end known as high mode. Thus different signals arrive at receiver 
end at slightly different times. 


This effect is known as intermodal dispersion. Therefore the multimode step index 
Fibres suffer intermodal dispersion. The input and resultant output pulse propagating 
through the Fibre is as shown in Fig. (2.7). Thus these types of Fibres are best suited for 
transmission of signal over a shorter distance such as in an endoscope. 


(ii) Multimode graded index optical Fibres: Multimode graded index Fibre allows a large 
number of signals to propagate through it. The angle of incidence of the signal at the 
region of higher refractive index region to the region of lower continuously bent and 
propagated in the form of skew rays or helical manner as shown in Fig. (2.8). 

Index of Refraction Input Pulse Output Pulse 


125 pm 


Fig. 2.8 


In the multimode graded index optical Fibre the signals which are making larger angle of 
incidence at the region of higher refractive index to the region of lower refractive index 
have to travel larger path length and travel with a higher speed of propagation, On the 
other hand the signals which are making smaller angle of incidence have to travel shorter 
path length and travel with a smaller speed of propagation. 


In this case of Fibre the signal distortion is very low due the self-focusing effect of the 
signal along the axis of the core. Here the light rays travel at different speeds and in 
different paths through the Fibre because of the parabolic variation of refractive index of 
the core. As a result the signals are continuously refocused and all the signals reach at 
receiver end of the Fibre at the same time. 


} 
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Therefore multimode graded index optical Fibres suffer less intermodal dispersion ag i 
compare to multimode step index optical Fibres. The input and the resultant output pulse 
propagating through the Fibre are shown in Fig. (2.8). These Fibres are therefore most 
suitable for transmission of the signal over a shorter distance such as local area networks, 


(c) Based on materials used 
On the basis of material used the optical Fibres are further classified into: 


1. Silica Fibres: The core and cladding are made of pure fused silica or fused quartz, © 
Both core and cladding are made up of glass. If germanium or phosphorous is doped 
in silica, its refractive index increases. Silica is doped with boron or fluorine to 
decrease the refractive index. Glass Fibres are preferred due to their low intrinsic 
absorption at wavelengths of operation. Addition of any other impurity can cause 
attenuation and scattering of light propagating through the Fibre. 


2. Plastic Fibres: In this case both the core and the cladding are made up of plastic, 
The core is of polystyrene and methyl methacrylate is used as cladding. Plastic 
Fibres are light and flexible. They are widely used in short distance applications. 


3. Plastic-clad Fibres: The plastic clad silica Fibres are composed of glass core and 
polymer as cladding. They are lighter, flexible, and cheap. However in PCS Fibres 
losses are more. PCS Fibres are suitable for shorter distances. 


2.6 ACCEPTANCE CONE AND NUMERICAL APERTURE OF A FIBRE 
Lets us consider a step index optical Fibre with light propagating as shown in Fig. (2.9). 


Refracted ray Normal ny 7 Nn, 


Total internal 
ff reflected ray 


Cladding 

Fig: 2.9 | 
Let 7 be refractive index of the core, nz the refractive index of the cladding and no be the 
refractive index of launching medium. The ray of light enters the core at an angle of incidencé 
i to the axis of the core. It gets refracted at an angle of refraction r and incidence at the core’ | 
cladding interface at an angle ¢ to the normal. 
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If the angle of incidence at the core -cladding interface is greater than critical angle (@) then 
the light ray bound in the core medium and undergoes total internal reflection. Since the 
refractive index of core is slightly greater than that of the cladding, 


Applying Snell's law at launching face of the optical Fibre 


ae Ql) 
From 4 ACB we can write, 
sinr = sin(90° — @) = cos@ (2.2) 
Using equation (2.2) in equation (2.1), 
sini _™ 
cos@ no 
sini = on cos (2.3) 


According to the principle of total internal reflection, let the angle of incidence at core- 
cladding interface = ¢,. So, the above equation (2.3) can be rewritten as 


sint my 
cosge Np 
er; nN 
sini = ah cos b, (2.4) 
0 


Now applying Snell’s law at interface of core and cladding we get, if i= @,, then angle of 
refraction (r) = 90°, 
sini _ ng 
sinr ny 
. sing, _ Ne 


“sin90 ny 


sing, = 7 (sin90° = 1) (2.5) 


We have, sin?@, + cos*p, = 1 
 COSpe = ¥1—sin2¢, 


Put sin p, = = in above relation, 
1 


a (n,)? 
(n,)? 


=-Nse 
read 7 (2.6) 
1 


cos. = }|1 


COS Pe = 
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Putting equation (2.6) in equation (2.4) 


pe nN Ty? — no2 
sint= ty Vo” 
No ny 
 , _ ¥12=n? 
sini = “2— (2.7) 
No 


In this case the incident ray of light is launched from the air medium then put mp =1 in the 
equation (2.7), 

sini = ./n,2 — nq? (2.8) 
Acceptance angle and acceptance cone 
The acceptance angle is the maximum angle of incidence at or below which the light rays 


undergo total internal reflection. In three dimensions, the light rays enclosed within the cone 
and transmitted through the optical Fibre are known as acceptance cone. 


yriton? (2.9) 


ng 


sini = 
where zig is the refractive index of launching medium of the light rays. 


Numerical aperture (N.A.) 


Numerical aperture of a Fibre is defined as the light gathering capacity of the optical Fibre. 
The amount of light accepted by the optical Fibre is proportional to acceptance angle. 


Numerical aperture is equal to sine of acceptance angle. 
i.e. Numerical aperture = sin (i) (2.10) 
Put equation (2.9) in equation (2.10) 


ni—n3 
N.A.= (2.11) 
No 


The refractive index of air medium n, is equal to unity 
N.A.= yn? — 13 (2.12) 
Fractional change in refractive index (A) 


It is the ratio of the difference of refractive indices of core and cladding to refractive index of , 
the core. | 


= Meh 
a= (2.13) | 


We have NAS Jn? =n2 


N.A.= ¥ (ny + n2)(ny — M2) 


= |Mtrtn2) (ri-n2) 
N.A.= [eoxtna) a x 2ny (2.14) 


Fibre Optics | 35 


The refractive index core is slightly less than that of refractive index of cladding hence nj ~ nz 
(ome =n,andA= =") 
2 ny 


Equation (2.14) becomes, 


N.A.= fn, XOX 214 


N.A.= /2n2A 
N.A.= 1,V24 (2.15) 


The value of numerical aperture determines amount of light accepted by the optical Fibre and 
it lies between 0.13 and 0.50. It has been observed that Fibres whose numerical aperture value 
lies in range of 0.1 to 0.3 are used for long distance communication. On the other hand, Fibres 
whose numerical aperture values are in range of 0.4 to 0.5 are used for short distance 
communication. 


2.7 V- NUMBER 


An optical Fibre is characterized by one more parameter known as V-number or cut-off or 
normalized frequency of the Fibre. 


V- number is given by the following relation 
V= = x Vn? — (2.16) 
where, a is the radius of the core of the Fibre and 
Ao is the free space wavelength of the light. 
We have, Numerical aperture = /n? —n3 = n,V2A 
Equation (2.16) can be written as 


V = SE x n,V20 (2.17) 


The maximum number of modes Nmnax allowed by the step Fibre is given by 
Nmax = 5V? (2.18) 

In case the normalized frequency is less than 2.405 the Fibre allows only single mode. 

2.8 CUT-OFF WAVELENGTH 


Cut-off wavelength is the shortest wavelength at which only fundamental (single) mode can 
propagate in a multimode optical Fibre. It can be calculated by putting V = 2.405 and a = A 


in the equation (2.36). 
2 
2.405 = —— x jn —n3 
c 


Wits face 
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A= a x fn? —n2 (2.19) 


In case of graded index Fibre V is greater than 2.405. 


The maximum numbers of modes allowed by the graded index Fibre is given by, 


Nmax = zv? (2.20) 


2.9 DIFFERENCE BETWEEN SINGLE MODE AND MULTI-MODE OPTICAL FIBRE 


Single-mode optical Fibre a Multimode optical Fibre 
Diameter of the core is in the range of 50 to 

100 pum. 

Large number of paths is allowed for | 


propagation of ray. 


Diameter of the core is very narrow of the 
order of ~ 10uun. 


Only one path for propagation of ray is 
allowed. Aa 


Difference between the refractive index of the | Difference between the refractive index of the 
core and cladding is very small. core and cladding is large. | 


There is very less attenuation and zero There is attenuation and comparatively larger 
intermodal dispersion of the signal. dispersion of the signal. 


Bandwidth of the optical Fibre is very high Bandwidth of the optical Fibre is less than 200 
about greater than 3GHz-km. MHz-km. 


Used for long distance communication. Used for short distance communication. 


Its installation is costlier. It is comparatively cheaper. 


2.10 DIFFERENCE BETWEEN STEP-INDEX AND GRADED-INDEX OPTICAL FIBRE 


Step-Index optical Fibre Graded-Index optical Fibre 


Refractive index of the core is non-uniform 
and it decreases parabolically from the centre 
of axis to the core-cladding interface. 


Refractive index of the core is uniform and 
abruptly changes at the core-cladding 
interface. 


Rays propagate in form of axial or meridional | Rays propagate in form of helical or skew rays 
rays inside the core which crosses the Fibre which do not cross the Fibre axis. 
axis at every reflection. 


Normalized frequency or V-number is less Normalized frequency or V-number is greater 
than 2.405, than 2.405. 


Number of allowed modes, Nnax = sv? Number of allowed modes, Nmax = *v? 


Attenuation and dispersion is high for Attenuation and dispersion is comparatively 
multimode step-index Fibre. lower for graded-index Fibre, 
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2.11 LOSSES IN FIBRE 


There are mainly 2 types of losses as per the following chart given below: 


Losses in fibre 


Dispersion 


i) Intermodal 
ii) Waveguide 
iii)Material 


2.11.1 ATTENUATION 


Attenuation is the reduction in intensity or amplitude of a signal as it travels through a 
medium, such as a Fibre optic cable or air. This phenomenon is a natural consequence of 
signal transmission and can have significant impacts on communication systems. Attenuation 
can be measured in decibels (dB) and is a critical factor in determining the performance and 
reliability of signal transmission. 


Causes of Fibre Attenuation: 
1. Absorption: Signal energy is absorbed by the Fibre material, converting it into heat. 


2. Scattering: Signal energy is scattered in different directions, reducing the intensity of the 
signal. 


3. Reflection: Signal energy is reflected back to the source, causing signal loss.As the ray 
propagates through Fibre, it gets attenuated. 


Mathematically, attenuation can be expresses as: 
P 
a = + log (=) dB/km (2.21) 


Attenuation constant (@): It is defined as the ratio of optical output power from a Fibre of 
length L to input optical power. 


In case of ideal Fibre input power is equal to output power. 
Factors Affecting Fibre Attenuation: 
1, Fibre Material: Different materials have varying levels of absorption and scattering. 


2. Wavelength: Attenuation varies with wavelength, with shorter wavelengths experiencing 
higher attenuation. 


3. Fibre Length: Longer Fibres experience higher attenuation due to increased absorption and 
scattering. 
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4 Dispersion: A light pulse launched into an optical Fibre decreases in amplitude due to losses 
in the Fibre. It also spreads during its travel. The output pulse is wider than the input pulse, 
This process is called ‘dispersion’ & it is measured in ng/km. There are three types of 
dispersion. 


i)Intermodal ii) Waveguide iii) Material 
i) Intermodal Dispersion: 


A ray of light launched into a fibre, follows different zig-zag paths. When numerous modes 
are propagation in a fibre, they travel with different velocities. Parts of the wave arrive at the 
output, before other parts. This is called ‘Intermodal Dispersion’. 


ii) Waveguide Dispersion: 

It arises from the guiding properties of the fibre. The effective refractive index for any mode 
varies with wavelength causing pulse spreading. This is known as ‘Waveguide Dispersion’. 
iii)Material Dispersion: 

Light waves of different wavelength travel at different speeds in a medium. The short 
wavelength wave travel slower than long wavelength waves therefore narrow pulses of light 


tend to broaden as they travel in the optical fibre. This is known as ‘Material Dispersion’. 
Clearly, the spectral width of the source determines the extent of material dispersion. 


2.12 ADVANTAGES OF OPTICAL FIBRE COMMUNICATION 


The Fibre optic system has wide applications in the telecommunication industry to rapidly 


develop new advancements in technology. It offers many advantages over the traditional 
metal (copper) wire as listed below. 


_ 


. Optical Fibres are made of silica (SiO2) which is abundantly available on the earth. 

2. The optical Fibres require low power transmitters as against the high-voltage, 
transmitters needed for copper wires. Example: LED and Semiconductor LASER diode. 

3. Message is transmitted in the form of light. Therefore there is no danger of electrical 
fire as with copper wires. 

4. They can be bent or twisted without damage as compared to the copper wires. 

5. Optical Fibres are light-weight, flexible and compact than metal wires. Therefore very 


Jess space is required. 


6. The Fibres are made up of dielectric material. Therefore they are electrically insulate! 
and do not require isolation coating, 


7. Optical Fibre cables are unaffected by interference originating from power cables, . 
waves, railway power lines etc. 


8, There is no effect of moisture corrosion or nuclear radiation on the optical Fibres. 
9. Optical Fibre cables can be operated over high temperature ranges. 


] 
| 
10. The optical Fibre communication system is more secure because there is no cross talk 

and therefore privacy of information is maintained, 


11. The high bandwidth of light provides the optical Fibre with a very large amount of 
information carrying capacity. 
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12. In the modem optical Fibre telecommunication systems, the Fibres used have a 
transmission loss of only 0.002 dB/km. 
2.13 DISADVANTAGES OF OPTICAL FIBRE COMMUNICATION 


1. Despite the fact that the raw material is very cheap, optical Fibres are still more 
expensive than copper wires because costly repeaters are required in long distance 
communication. 


ind 


. Optical Fibres cannot be connected together (spliced) as easily as copper cables and 
requires additional training of personnel and expensive precision splicing. 


i) 


. Expensive special test equipments are often required. 
4. Optical Fibres require more protection around the cable as compared to the copper wires. 
2.14 APPLICATIONS OF OPTICAL FIBRES 


The information carrying capacity of optical Fibre is very high and communication is very fast 
even for longer distances. The optical Fibres are thin, light weight, requires very less space, 
and signal loss is very less compared to copper wire communication system. 


Following are some of the applications. 


(a) Military application: The compact, easy to carry light weight, high transmission but 
low loss equipments of optimum performance used in the battlefield conditions can be 
fabricated using Fibre optic cables for military applications. 


(b) Medicine: The doctors use endoscope to examine internal body organ of the patient. 
To examine inside of throat and lungs doctors use bronchoscope so that growth of any 
tumor can be detected. Laparoscope helps doctors to examine abdomen and pelvic area 
of human body. All these methods are painless and provide the doctors correct 
information to evaluate internal body parts. 


(c) Inspection of machine parts: The engines of road vehicles as well as aeroplanes, 
rockets, space shuttles can be inspected for wear and tear using Fibre optics as part of 
imaging systems. 


(d) Semiconductor equipment: Fibre optics are used as interconnects in semiconductor 
equipments and sensors used in a variety of applications. 


(e) Telemetry: Monitoring the operations of electronically operated machinery over short 
or long distances by remote control is known as telemetry. Optical Fibres are used in 
telemetry. 


(f) Broadcasting: Fibre optics are designed to offer multiple channel and high-bandwidth 
links as well as power connections to and from cameras, trucks, and satellite links 
which improves the broadcasting to a greater extent, 


(g) Closed circuit television: CCTV cameras employed in various applications make use 
of optical Fibres, 


(h) Fibre optics for Education: In the field of education Fibre optic technology is used in 
the research institutes, universities, colleges and schools to set up network that connects 
students and teachers. 
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2.15 COMMUNICATION THROUGH OPTICAL FIBRE 
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Fig. 2.10 


Fibre optic communication refers to the medium and the technology associated with the 
transmission of information as light pulses along a Fibre, approximately 50-100 micrometer in 
diameter. Laser light in the form of pulses or flashes carries the signals along the optical Fibre. 
The laser light source is turned ON and OFF very quickly. The light pulses make up a binary 
code which is decoded by the receiver. 


Optical Transmitter 
The input is an electrical signal which is converted into either an electronic or an optical signal. 
The optical transmitter comprise of following parts: 


(a) Modulator: The modulator converts the electrical message into a proper format and 
then that signal is modulated onto the wave generated by the carrier source. 


(b) Carrier Source: The carrier source generates the wave called the carrier wave through 
which the information is transmitted. Semiconductor laser diode or light-emitting diode 
(LED) can be used as carrier source. 

(c) Input Channel Coupler: The function of the coupler is to feed power into the 
communication channel. The Fibre optic communication system requires that the 
coupler must efficiently transfer the modulated light beam from the source to the optic 
Fibre. However this transfer is accomplished with large reduction in power. To overcome 
loss of data couplers are preferred. 


Communication Channel 


The communication channel transports the optical signal from the transmitter to the receiver 
without distorting it. In order to transmit light with a relatively small amount of power loss 
optical Fibre is established as a good communication channel. 


Optical Receiver: The optical receiver consists of 
(a) Output Channel Coupler: The output coupler directs the light emerging from the 


Fibre onto the light detector. This light is radiated in a pattern identical to the Fibre's | 


acceptance cone, 
(b) Detector: The data/information being transmitted is now separated from the carrier 


wave, A photo detector in the Fibre system converts the light wave into an electric | 


current. 
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(c) Signal Processor: In analogue transmission, the signal processor carries amplification 
and filtering of the signal. Also it is necessary to block any other undesired frequencies 
from further travel. 


SOLVED PROBLEMS 


Example 1: Calculate the numerical aperture of a Fibre with core index (n;) =1.61 and 
cladding index (n;) =1.55. 
Solution: Given 
Refractive index of core (n;) =1.61 
Refractive index of cladding (nz) =1.55 


Formula: Numerical Aperture N.A = ny? — nz? 
= ¥(1.61)? — (1.55)? 
Numerical aperture = 0.43 


Example 2: Compute the numerical aperture, acceptance angle and the critical angle of the 
Fibre having refractive indices of core and cladding is 1.5 and 1.45 respectively. 


Solution: Given 
Refractive index of core (m) =1.5 
Refractive index of cladding (nz) =1.45 
Formula: Calculation of Numerical aperture 
N.A = Jn? —n,? 


= J (15)? — (1.4592 


Numerical aperture = 0.38 
Calculation of acceptance angle 


sin i = Numerical aperture 
sini = 0.38 
i = sin=1(0.38) 
Acceptance angle (i) = 22.58° 
Calculation of critical angle (¢,) 


sing, = a 
1.45 
sing, = (Fe) 
(1.45 
@, = sin" (=) 


Critical angle (,) = 75. 16° 
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Example 3: Internal critical angle in core cladding interface of a step index optical Fibre is 
80.6°. Calculate maximum acceptance angle if refractive index of cladding is 1.48. 


Solution: Given 
Critical angle (p,) = 80.6° 
Refractive index of cladding (12) =1.48 
Formula: According to Snell’s law, 


sin d, me 
n = 
¢c my 

1.48 

i 0.6) = — 

sin (80.6) == 
1.48 


"= Sm BOG) = 
sin(i)max = yn? — nz? 
sin(i) max = V(1.50)? — (1.48)? = 0.0596 


(i) max = sin~1(0.0596) 


1.50 


Maximum acceptance angle (i) max= 3.41 

Example 4: If refractive index of core of a Fibre optic cable is 1.5 and fractional index 
difference A is 0.0005, find refractive index of cladding and numerical aperture. 

Solution: Given 
Fractional refraction index difference (A) = 0.0005 | 


Refractive index of core (7) =1.5 | 
Formula: Fractional refraction index difference 
15-n, 
15 


hw 2s 000s = 
ny 


Refractive index of cladding (1) = 1.49 


Numerical aperture = ¥n,? —n22 = jasy — (1.49)? | 


Numerical aperture = 0,17 


| 
Example 5: Determine the refractive index of cladding material of a Fibre, Given fractional 
change in refractive index is 12 x 10° and numerical aperture is 0,22, 


Solution: Given 


Fractional change in index (A) = 12 x 10° 
Numerical aperture = 0.22 
Formula: Calculation of refractive index of core (1) 
Numerical aperture = HyV24 


0.22 = uyV2 x 12 x 1073 
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Refractive index of core (7) = 1.42 


Calculation of refractive index of cladding (12) 


Fractional change in refractive index (A) = =m 
ny 
1.42 —n, 
x 1073 = + 
Me 1.42 


Refractive index of cladding (12) = 1.40 
Example 6: The numerical aperture of an optical Fibre is 0.5 and core reflective index is 1.54. 
Find refractive index of the cladding. 
Solution: Given 
Numerical aperture = 0.5 
Core refractive index (m1) = 1.54 


Formula: Numerical Aperture (N.A.) = ./n,? — n,? 
0.5 = (1.54)? — np? 
(0.5)? = (1.54)? — nq? 
Refractive index of cladding (12) = 1.45 


Example 7: A step index Fibre has a core diameter of 29 x 10° m. the refractive indices of 
core and claddings are 1.52 and 1.5189 respectively. If the light of wavelength 1.3 pm is 
transmitted through the Fibre, determine normalized frequency of the Fibre. 

Solution: Given 

Diameter of core (d) = 29 x 10° m 

Refractive index of core (m;) = 1.52 

Refractive index of cladding (m2) = 1.5189 

Wavelength (A) = 1.3 wm =1.3 x 10°m 


Formula: The normalized frequency is given by, 
md 
V= Zvm — N22 
mx 29 x 1076 
@ 2282 2. psa (1. 2 
V BEIT (1.52)? — (1.5189) 


Normalized frequency of the Fibre (V) = 4,05 = 4 
Example 8: Calculate the numerical aperture and hence the acceptance angle for an optical 
Fibre. Given that the refractive indices of the core and the cladding are 1.45 and 1.40 
respectively. 
Solution: Given 
Refractive index of the core (17) = 1.45 
Refractive index of cladding (m2) =1.40 
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Formula: Numerical aperture = ny? = ny? 


= §(1.45)? = (1.40) 


Numerical aperture = 0.37 
sin (i) = Numerical aperture 


sin(i) = yn,2 =n? = 0.37 
i= sin=!(0,37) 
Acceptance angle (i) = 22.17" 


Example 9: Compute the maximum radius allowed for a Fibre having core refractive index 
1.47 and cladding refractive index 1.46, The Fibre supports only one mode at a wavelength of 


1300 nm. 
Solution: Given 
Refractive index of the core (”;) = 1.47 
Refractive index of cladding (nz) =1.46 
Wavelength (4) = 13 nm =1300 x 10° m 


Formula: The normalized frequency 


27a 
(V) = ZY ny? — nz? 
If V < 2.405 then optical Fibre can support single mode. 


2.405 = ot aay Cae 
1300 x 10-9 
_ 2.405 x 1300 x 107° 
* nx [G47 — C46? 
Radius of the core (a) = 2.9 x10% m 


Example 10: An optical Fibre has a numerical aperture of 0.20 and a refractive index of 
cladding is 1.59. Determine the acceptance angle for the Fibre in water which has a refractive 
index of 1,33, 
Solution: Given 
Numerical aperture = 0.20 
Refractive index of cladding (n2) =1.59 


Refractive index of water (no) = 1.33 
Formula; Calculation of refractive index of core 


Numerical aperture = ¥n,? —n,? 
0.20 = Jny? — (1.59)? 


(0.20)? = n,? - (1,59)? 
ny? = (0.20)? + (1.59)? 
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Refractive index of core (;) = 1.60 


Calculation of acceptance angle for optical Fibre in water 


i ss ny? = nz? Re ¥(.60)? = (1.59)? 
No 1.33 


sini = 0.13 
i = sin-1(0.13) 
Acceptance angle i = 7.46° 


Example 11: Relative refractive index of a Fibre is 0.055 and that of core is 1.48. Find 

numerical aperture, refractive index of cladding, acceptance angle, normalized frequency (V) 

and number of guided modes when wavelength of light propagated is | xm and radius of core 

is 50um. 

Solution: Given 

Relative refractive index (A) = 0.055 

Refractive index of the core (m1) = 1.48 

Wavelength (A) = 1 pm=1 x 10°m 

Radius of the core (a) = 50 pm = 50 x 10° m 


Formula: Calculation of refractive index of cladding 


fractinal change inrefractive index (A) = a8 
1 
1.48 — nz 
0.055) = ——_—— 
¢ ) 148 


Refractive index of cladding (2) = 1,39 


Calculation of numerical aperture 


Numerical aperture 


(1.48)? — (1,39) 


Numerical aperture = 0,50 


Calculation of acceptance angle 
sin (’) = Numerical aperture 
sin (i) = 0,50 
(i) = sin7*(0,50) 
Acceptance angle (/) = 30° 
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Calculation of normalized frequency (V) 


2a = 
Var ny“ —N2 


2m x ee 
V= eli a x /(1.48)2 S (1.39)2 


1x 10-6 
Normalized frequency (V) = 157 


2 


Calculation of number of guided modes 


2 2 
Number of guided mode = + = ad 
= 12324 


Example 12: A certain optical Fibre has an attenuation of 3.5 dB/km at 850 mm. If 0.5 
mW of optical power is initially launched into the Fibre, what is the power level in pW 
after 4 km? 


Solution: ' Given 


Attenuation a = 3.5 dB /km 
Initial power level, Pi, = 0.5mW 
Length of the cable, L = 4km 


Formula: a = =. log (=) 


Pout 
3.54B/km = ——.1o (a) 
sia occas 4km' 8 Pye 
0.5mW 
3.5dB/km x 4km = 10 log ( ) 
Pout 


Pout = esmit=19.91W 


Example 12: An optical signal has lost 85% its power after traversing 500 m of fibre 
What is the loss in dB/km of this fibre? 
Solution: Given 
Initial power level, Pj, LW 
Initial power level, Pow 85%, , Poy ©O.85mW 
Length of the cable, L = 500m=0,5km 
Pin 


iq 22 Pin 
Formula: a = 7 .log (7) 


10 1 
a= 5g!8(s5) 
a= 1.41dB/km 


DS eee 


OL i SY Oe Ee 
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SHORT ANSWER TYPE QUESTIONS 
Why would you recommend use of optical Fibre in communication system? 
Explain the principle of total internal reflection. 
What is the difference between critical angle and angle of acceptance? 
Describe propagation mechanism of light wave through an optical Fibre. 
What is meant by numerical aperture and acceptance angle for an optical Fibre? 
What do mean by step index and graded index Fibre? 


Why a ray of light takes a zigzag path in a step index Fibre and sinusoidal path in a graded 
index Fibre? 


Compare a single mode step index optical Fibre with graded index optical Fibre. 


What is meant by single mode and multimode optical Fibre? 


. What are advantages of an optical Fibre over conventional communication system? 
. What are different losses in an optical Fibre? 

. What is the unit of measurement for attenuation in OFC? 

. What are the two main types of attenuation in OFC? 

. What is the main cause of intrinsic attenuation in OFC? 


. What is the effect of wavelength on attenuation in Fibre optic cables? 


DESCRIPTIVE ANSWER TYPE QUESTIONS 


. Derive an expression for numerical aperture of a step index optical Fibre. What is 


acceptance angle? 


. Derive an expression for numerical aperture in terms of fractional change in refractive 


index (A). 

Distinguish between mono mode and multimode optical Fibre with labeled diagrams. 
Differentiate between step-index and graded-index Fibre. 

Discuss attenuation and dispersion of signal in optical Fibre. 

Explain with neat sketch optical Fibre communication link. 

What are the advantages and disadvantages of optical Fibre communication? 

What are the applications of optical Fibres? 


Explain the difference between 1D and 2D barcode readers, and provide an example of 
each. 
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10. 
11. 
12. 
13. 


14. 


Describe the role of the decoder in a barcode reader, and how it processes barcode data. 
What are two common applications of barcode readers, and how are they used in each? 
Explain the causes and effects of attenuation in Optical Fibre Communication (OFC). 


Describe the difference between intrinsic and extrinsic attenuation in OFC. Provide 
examples of each. 


Discuss the methods to minimize attenuation in OFC systems. 


| 


_ CHAPTER 3. 


Interference in Thin Film 


Interference by division of amplitude, Interference in thin film of constant thickness due to 
reflected and transmitted light; origin of colors in thin film; Wedge shaped film; Newton’s 
rings. Applications of interference - Determination of thickness of very thin wire or foil; 
determination of refractive index of liquid; wavelength of incident light; radius of curvature of 
lens; testing of surface flatness; Anti-reflecting films and Highly reflecting film. 


3.1. INTRODUCTION 


The properties of light and its behavior on interacting with matter are being used in various 
scientific and engineering applications. It is imperative to understand some of the features of 
light that form the basis for such applications. The branch of physics devoted to the study of 
light is named as Optics. To elucidate different aspects the study is classified into geometric 
optics, physical optics and modern optics. 


(a) Geometric optics or ray optics: Geometric optics studies the position of the image 
formed with a lens or mirror and the calculation of magnification of image. This part of 
optics explains the lens formula, mirror formula and the phenomena like reflection, 
refraction as well as dispersion of light assuming the rectilinear propagation of light. 


(b) Physical optics: More precise study shows that the results obtained on the assumption 
that light travels in a straight line are only approximate. The physical optics, also 
known as wave optics, gives emphasis on the wave nature of light to explain the 
phenomena like interference, diffraction and polarization of light. 


(c) Modern optics: It covers the study of transmission of light through optical fiber (Fiber 
Optics), and light amplification by stimulated emission of radiation (LASER). In this 
chapter we will discuss the phenomenon of interference of light in thin films and some 
of its applications. 


3.2 INTERFERENCE 


The phenomenon of interference of light waves is the direct consequence of Huygen’s 
principle of superposition of waves applicable to water waves, mechanical waves, sound 
waves and electromagnetic waves. 


The principle of superposition of waves states that when two or more waves move 
simultaneously through a region of space, each wave advances independently as if other 
waves were not present. The resulting wave displacement at any point and time is the vector 
sum of the displacements of the individual waves. 
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The interference of light waves can be defined as: “when two light waves cross each other 
there is addition of amplitudes if the crest of one meets the crest of another wave and if the 
crest of one wave meets the trough of another the resultant is subtraction of amplitudes”. 


The colour effects of thin films are due to interference of light waves (the beats produced by 
two notes of similar frequency are the result of the interference of sound waves). 


If the resultant amplitude is sum of the amplitudes due to two interfering waves the interference 
is known as constructive interference and if the resultant amplitude is the difference of two 
amplitudes it is called destructive interference as shown in fig. 3.1 (a) and 3.1 (b). 


The phenomenon of interference in case of light waves was first observed by a British 
physicist Thomas Young in 1801. 


1" wave 1“ wave 
a a 
2™wave b 2™wave b 
Resultant Resultant a 
wave c¢ wave 
Fig: 3.1 (a) Fig: 3.1 (b) 


3.3 CONDITIONS TO OBTAIN SUSTAINABLE INTERFERENCE 
(a) The light waves from the sources must have same frequency and be coherent. 
(b) The coherent sources must be close to each other. 


(c) The amplitudes of the light waves must be same for good contrast between bright and 
dark fringes. 


(d) The path difference between the light waves must be less than the coherence length of 
the waves. 


(e) For plane polarized waves, their plane of polarization must be same, 
3.4 METHODS OF PRODUCING INTERFERENCE 


An interference pattern can be obtained either by (a) division of wavefront or (b) division of 
amplitude. 


(a) Interference by division of wavefront: In this method the beam of light waves from 
a single source is physically divided into two parts using a pair of slits or a mirror or @ 
biprism. 


(b) Interference by division of amplitude: In this method the beam of light waves from 
a source is optically divided by partial reflection and refraction from two surfaces. 
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This way the amplitude of the beam incident on a thin transparent film is divided into 
two parts. 


3.5 THIN FILM 


A film is said to be a thin film if the thickness of the film is of the order of wavelength of 
visible light which is taken to be 5500 A. If the thickness of the film is about 10- 50 pum it is 
said to be a thick film. A soap bubble, an oil slick on a puddle of water, a thin glass or mica 
sheet, a film deposited on a glass plate, or a thin air or liquid film enclosed between two 
transparent glasses sheets are the examples of thin films. When light falls on thin film, part of 
it undergoes reflection and part of it undergoes refraction. 


3.6 CHANGE OF PHASE ON REFLECTION 


The points in the path of a wave motion are said to be points of equal phase if the 
displacements at those points at any moment are exactly same (i.e. of the same magnitude and 
varying in the same manner). 


The light wave when gets reflected back into the optically rarer medium from a boundary 
between an optically rarer and denser medium it suffers a phase change of 180° or z radians 
(equal to path difference of 4/2). However there is no such phase reversal when it is reflected 
back into the optically denser medium from a boundary between optically denser and rarer 
medium. Also no phase change occurs in case of transmission from rarer to denser or denser 
to rarer medium as shown in Fig. 3.2(a). 


Incident Light Ray Reflected Light Ray 


Optically Rarer 
Medium 


Refracted Ray 


Optically Denser 
Medium 


Optically Rarer 

no - t change aaa 

Transmitted Light Ray 
Fig: 3.2 (a) 

To understand the change of phase of light waves when they are reflected from a boundary let 
us recall behavior of wave on a string. Suppose one end of the stretched string is tied to a rigid 
support and a pulse created travels along the length of the string (rarer medium) towards the 
end fixed on the rigid support (denser medium), As the pulse arrives at that end, it exerts an 
upward force on the support, However, the support is rigid and does not move. 
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According to Newton's third law of action and reaction, the support exerts an equal but 

oppositely directed force on the string. This force produces a pulse which is reflected with its 

transverse displacement reversed Fig. 3.2 (b). 
es , _—_ 


t 

be 
Fig: 3.2 (b) 

From this we can say that on reflection from a fixed end, a wave suffers an abrupt phase 


change of 180° or x radians. In other words a wave travelling in a rarer medium suffers a 
reversal of phase when reflected from the surface of a denser medium. 


Next, consider the string (denser medium) attached to a very light ring (rarer medium) which 
is free to slide along a rod without friction. A pulse created, when arrives at the end attached 
to the ring, the ring starts sliding down and generates a pulse which reflects with its transverse 
displacement in the same direction as that of the incident pulse Fig. 3.2 (c). 


sions —F> gas 


Fig: 3.2 (c) 


From this we can say that on reflection from a free end, a wave does not suffer any phase 
change. In other words a wave travelling in a denser medium does not suffer a reversal of 
phase when reflected from the surface of a rarer medium. Now from the standpoint of physical 
optics the light wave travelling from a medium of lower refractive index (an optically rarer 
medium) to a medium of higher refractive index (an optically denser medium) undergoes @ 
phase change of 180° (x radians) upon reflection. 


On the other hand a light wave travelling from a medium of higher refractive index to a 
medium of lower refractive index undergoes no phase change upon reflection, This is shown 
in Fig, 3.2 (a), 


3.7 INTERFERENCE IN THIN PARALLEL FILM 


3.7.1 Duk TO REFLECTED LIGHT 


Consider a thin parallel transparent film of thickness ‘¢’ and refractive index 4 as shown in 
Fig. 3,3, 

A ray AB of monochromatic light of wavelength ) incident upon the upper surface of this film 
at an angle of incident ‘i’ will be partially reflected along BC and partially refracted along 
BD. The refracted ray BD is partially reflected along DF in the film and partially transmitted 
along DE. Similarly the ray DF undergoes multiple reflection and refraction along FH and FG 
respectively. 
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Since the rays on each side have been derived from the same incident ray AB they are 
coherent. However, they travel different distances and therefore have path differences among 
themselves. Due to this path difference these rays produce interference patterns. 


Let us consider the reflected rays BC and FG and determine the path difference between them. 


Cc 


R 
ecto 
5 ola She , 
Incident light Ys 


air 


upper surface 


thin parallel film 


lower surface 


Fig: 3.3 Interference in thin transparent parallel film by reflected system 
GEOMETRIC PATH DIFFERENCE 


Consider the ray ABC and ray ABDFG. In order to determine the geometric path difference 
between these two rays, draw a normal from point F to the ray BC. These two reflected rays 
have been derived from ray AB therefore upto point B they travel the same distance and 
beyond JF they travel equal distance. 


Hence the geometric path difference between them is given by. 
G.P.D.= (Path of the rays in thin film) — Path of the rays in air 
« G.P.D.= (BD + DF) — BJ 
The optical path difference A is 
0.P.D. 4 = Refractive index of the medium pu x G. P.D. 


A= u(BD+DF)-1xBJ [+ air = 1) (3.1) 
CALCULATION OF BD AND DF FROM THE GEOMETRY OF THE FIGURE 
In ABDF, ZBDN = ZNDF = Zr 


BD = DF 
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From, ZBDN = Zr 


(3.2) 


cosr cosr 


Similarly, from ANDF = Zr 
DF =—— (3.3) 


cosr 


= w(BD + DF) =p (+ & =) et (3.4) 


cosr cosr. cosr 
CALCULATION OF BJ FROM THE GEOMETRY OF THE FIGURE 
From the figure, BN=NF 
» BF =2BN (3.5) 
From ABND, tanr = EN 
DN 
BN = DNtanr 
BN =t tanr 
Putting BN = t tanr in equation (3.5) 
BF = 2t tanr (3.6) 
Consider ABJF 
sini= il 
BF 
BJ = BF sini (3.7) 
Put BF = 2t tanr from equation (3.6) in equation (3.7) 
BJ = 2t tanrsini (3.8) 


By Snell’s law, == 
» sini=psinr (3.9) 


Put sini =p sinr in equation (3.8) 
BJ = 2t tanrusinr 


i 2 
By = 2pt —— (3.10) 


Put equation (3.4) and (3.10) in equation (3.1), 
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in2 
Optical path difference (A) = Rou = 2ut sin’ 
cosr cosr 


ll 


2ut 
SE are? 
taaE (1 — sin? r) 


A 


2 ut cosr (3.11) 


The path difference given by Eqn.(3.11) does not give the true or total optical path difference 
between the reflected rays. 


To get true optical path difference we must take into account the phase reversal of 7 radian 
which is equal to the path difference of 4/2 that the ray BC suffers as it reflects from the 
surface of the film, (the denser medium). However, the ray FG does not suffer any phase 
change at film- air boundary. 


The effective optical path difference between the two reflected rays therefore is given by, 
A= 2ut cos r — 5 (3.12) 
CONDITION FOR MAXIMA (BRIGHTNESS) 


If optical path difference between the two rays is equal to an integral multiple of wavelength 
A, then the two rays will interfere constructively, 


A= TA es vevave Constructive interference 
By putting the value of A from equation (1.1.12) in above condition, we get, 


a 
2ut cosr 5 =n 


2utcosr =(2n+1)5  n=0,1,2,3, ... (3.13) 
If Eqn. (3.13) is satisfied then the film will appear bright in the reflected light. 
CONDITION FOR MINIMA (DARKNESS) 


If optical path difference between the two rays is odd integral number of half wavelength 
(4/2) then the two rays will interfere destructively. 


A= (2n+ 1); sven Destructive interference 


By putting the value of A from Eqn. (3.12) in above condition, we get, 
anctrots 2 wise 
mM 7 = (ant 1)5 


2ut cosr = (n+1)Aa 


If one full wave is added to or subtracted from any of interfering waves it does not affect on 


optical path difference between the rays. Therefore (n + 1)A is replaced by nA, hence the 
above condition can be written as, 


2utcosr=na nw 22,3, as (3.14) 


56 | Applied Physics 


If Eqn. (3.14) is satisfied then the film will appear dark in the reflected light. 


3.7.2 DUE TO TRANSMITTED LIGHT 


Consider a thin transparent parallel film of thickness t and refractive index 1 as shown in (Fig 
3.4) When a ray AB of monochromatic light of wavelength A is incident on upper surface of 
this thin parallel film at an angle of incidence i, it will be partially refracted along BC. The ray 
BC will then be partially reflected along CE and partially transmitted along CD. The ray CE 
will again be transmitted along FG. 
In order to calculate the optical path difference between transmitted rays, draw EM and FN 
normal on CF and CD, respectively. 
The optical path difference between transmitted rays CD and FG is given by, 

0.P.D. A = Path of the rays in thin film — Path of the rays in air 


A= u(CE + EF) — gir X (CN) (3.15) 


air 
upper surface 
thin parallel film 
lower surface 
air 
oe 


Fig: 3.4 Interference in thin transparent parallel film by transmitted light 


From ACME, 
EM t 
cosTr = CE = CE 
t 
~ cost 
Similarly from AFME, 
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py ita 
cosr 
Thus, (CE +EF)=—— (3.16) 
cosr 
From geometry of the figure, 
CM = MF 
« CF =2CM (3.17) 
CM CM 
From ACME, tan r= ME = % 
« CM =ttanr 
Using CM in Eqn. (3.17), 
CF = 2t tanr (3.18) 
Considering ACNF, sini = os 
CF 
CN = CF sini 


Using Eqn. (3.18) we get, 
CN = 2t tanr sini 


sinr sini 
2 Pei -: By Snell's law, =) 
CN = 2t cus usinr ( y Snell's Lu AP 
sin? r 
CN = 2ut oor (3.19) 


Putting equation (3.16) and (3.19) in equation (3.15), we get 


2ut — 2ut sin? 
Optical Path Difference (A) = i! i al 


cosr cosr 
2ut fi 
fa (1 —sin*r) 
4=2utcosr (3.20) 


The light rays CD and FG are transmitted from thin film (optically denser medium) to air 
(rarer medium), hence these rays do not suffer any phase change. Therefore equation (3.20) 
gives true optical path difference for transmitted rays. 

CONDITION FOR MAXIMA (BRIGHTNESS) 


If optical path difference between the two rays is equal to an integral multiple of wavelength 1 
then the two rays will interfere constructively, 


4=na 
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By putting the value of A from equation (3.20) in above condition, we get, 

2ytcosr =nda n= 1,2,3,... (3.21) 
If Eqn. (3.21) is satisfied, the film will appear bright in transmitted light. 
CONDITION FOR MINIMA (DARKNESS) 


If optical path difference between the two rays is odd integral number of half wavelength 1/2 
then the two rays will interfere destructively, 


uy 
A=(2n+ 5 
By putting the value of A from equation (3.20) in above condition, we get, 
2utcosr=(2nt+1)= n=0,1,2,... (3.22) 


If Eqn. (3.22) is satisfied, the film will appear dark in the transmitted light. In the case of 
transmitted light the interference fringes obtained are less distinct because the difference in 
amplitude between CD and FG is very large. 


From equations (3.13), (3.14), (3.21) and (3.22) it is observed that the conditions of minima 
and maxima are just reverse of the conditions for reflected light. Therefore the thin film which 
will appear bright in reflected light appears dark in transmitted light and vice versa. 


3.8 COLOURS IN THIN FILMS 


When white light is incident on a thin film, the reflected light will not include the colour 
whose wavelength satisfies the condition 2ut cos r = nA. The film will appear coloured if 


wavelength satisfies the condition 2ut cosr = (2n + 12 and it depends on the thickness of 
the film, the refractive index of the film, and the angle of incidence of light rays. 


(a) Suppose incident light is white and thin film is parallel so that thickness of the film ¢ 
and angle of refraction r are constant, The path difference is different for each colour 
because refractive index y is different for different colours. Hence we will see different 
colours with increasing wavelengths. 


(b) Jf thin film is parallel but incident white light is not parallel, then the path difference 
will vary due to change in angle of refraction 7, hence thin film shows different colours 
when observed from different directions. 


(c) If the incident light is white and parallel but the thin film is of varying thickness then 
also different colours are seen. 


3.9 WEDGE SHAPED AIR FILM (NON -UNIFORM THICKNESS FILM) 


A thin wedge of air film can be obtained by placing two plane glass plates in contact at one 
edge and separated by a thin sheet of paper at the opposite end, Let us consider two plane 
glass plates A and B, They are kept in contact at the point O and are separated at other edge 
by introducing thin sheet of paper or thin wire as shown in Fig. 3.5. 
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A 


oe) 
HESS ew Sa ae 


B 
Fig: 3.5 Wedge shaped air film 


fe) 


The ait film of wedge shape is enclosed between two plane glass plates, The thickness of the 
ait film is zero at the point of contact of two glass plates and gradually increases from point of 
omtact to the other end ie, maximum at other end. The wedge shaped air film is used in an 
experiment to determine the thickness of a thin sheet of paper or thin wire and testing of 
optical flamess of plane glass plate. 


EXPERIMENTAL ARRANGEMENT OF WEDGE SHAPED AIR FILM 


Im the experimental setup of wedge shaped air film a parallel beam of monochromatic light 
tom source ‘S’ is made to incident on the glass plate G kept inclined at an angle of 45 to the 
Girection of light as shown in Fig. 3.6. 


The reys reflected from the glass plate ‘G’ are incident normally on the wedge shaped air film 
e=closed between two plane glass plates. A part of the incident light is partially reflected from 
the lower surface of upper glass plate and rest of the light is transmitted through it. The part of 
the transmitted light is partially reflected from the upper layer of lower glass plate. These two 
reflected rays are obtained by the division of amplitude from an incident ray of light. The two 
reflected rays interfere constructively or destructively depending upon the path difference 
between them. 


Travelling microscope 


Convex lens 
Glass plate 


A 45° 


Monochromatic source 


Fig: 3.6 Experimental set-up of wedge shaped air film 
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reflected light rays 


incident light } 
Glass to Air boundary 


piece of paper/ 
‘ human hair/ thin wire 


air wedge 


Air to Glass boundary 


\ 
\ 
m- change 


‘ 
no phase change 
Fig: 3.9 Interference in wedge shaped air film. 


Consider two glass plates OX and OY inclined at an angle of wedge a as shown in Fig. (3.8). 
A beam of monochromatic light AB is incident obliquely on the upper surface of the film. The 
ray AB is partially reflected along BK and rest of it refracted along BC, the refracted ray is 
partially reflected along CD. Similarly ray CD undergoes multiple reflections and is also 
refracted along DL. 


The interference takes place between the reflected rays BK and DL because they are obtained 
by the division of amplitude from the incident ray AB. The path difference between the two 
reflected rays BK and DL is given by, 


A= 2utcos(r + a) — ; (3.29) 


From equation (3.29) it clear that the optical path difference A depends on the thickness of the 
air film t, however thickness of air film is not uniform. 


At the thickness of air film t = 0, equation (3.29) becomes 


= 
\=-4 (3.30) 


From equation (3.30) it is clear that (a = “) , the path difference of 4/2 which is equivalent to 
phase change 7 radians (out of phase by 180°) occurs between reflected rays which is the 


condition for minimum intensity (darkness). 


The reflected waves from point of contact of two glass plate interfere destructively. Therefore 
interference fringe pattern always begins with dark band. This is known zero" order band as 
shown in Fig. (3.7). 


For smaller value of a, cos a = 1, then equation (3.29) becomes 
A= aut cos r 5 (3.31) 


The equation (3.31) gives the optical path difference between the reflected rays. 
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CONDITION FOR MAXIMA (BRIGHT BAND) 


If optical path difference between the two rays is equal to an integral multiple of wavelength 4 
then the two rays will interfere constructively, 


A=nk 


By putting the value of A from equation (3.31) in the above condition, we get, 
a 
2 utcos r — a na 
2utcosr=(2n+1)$ n=0,1,2,... (3.32) 


CONDITION FOR MINIMA (DARK BAND) 


If optical path difference between the two rays is odd integral number of half wavelength 
(4/2) then the two rays will interfere destructively, 


A=(2n+ ns 
By putting the value of A from equation (3.31) in the above condition, we get, 
2pt cos r — Z = (2n+ 4 
2 2 


2ut cosr = (n+1)A 


If one full wave is added or subtracted from any interfering waves then it does not affect the 
optical path difference between the rays. Therefore (n + 1)A is replaced by nA, hence above 
condition can be written as, 


2utcosr=nd  n=1,2,3,... (3.33) 
CALCULATION OF FRINGE WIDTH (B) 
The distance between successive dark fringes or bright fringes is known as fringe width (B). 


<— sp —> 
Fig: 3.10 Calculation of fringe width of wedge shaped air film 


Points A and B are the positions of two successive dark fringes. The corresponding film 
thickness are AP = t; and BQ = 2, respectively as shown in Fig. (3.10). 
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The condition for minima or dark fringe is, 


2utcosr=na 
For normal incidence, r = 0, so cos r = 1, thus, the above condition becomes, 
2pt =nd (3.34) 
If the thickness of the film t = t; at point A, then equation (3.34) becomes 
2ut, = nd (3.35) 


The next successive dark fringe will occur at point B where thickness of the air film is t = t2, 
then equation (3.34) becomes 


2yutz =(n+1)a (3.36) 
Subtracting Eqn. (3.35) from Eqn. (3.36) 
2mu(tz—t1) =A 
2 u(BC) =A (* t2-t, =BC) 
2 BE = (3.37) 
2u 
From A(ACB), 2BAC =a 
peti 
ana = 7 
BC = ACtana 
Put BC = AC tana in equation (3.37) 
a 
AC tana == 
2u 
AC is the distance between two successive dark fringes and is known as fringe width (8) 
ee: 
B= 2u tana 
As, o is very small, tan a ~ a 
- 3 a 
So, Fringe width na (3.38) 


For air film (Hair= 1), therefore Eqn. (3.38) becomes, 
a ad 3.39 
ner (3.39) 
DETERMINATION OF THICKNESS OF THIN SHEET OF PAPER 


A thin sheet of paper is used to obtain wedge shaped air film between the two glass plates as 
shown in Fig. (3.11). 
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A 


«— thinsheet ofpaper 


a 


O 
B 
—_—_ | —————> 
Fig: 3.11 Calculation of thickness of wedge shaped air film 
Let «a be the wedge angle, t the thickness of a thin sheet of paper, and / the length of the air 
wedge. From the geometry of Fig. (3.11) 
t 
tana = = 
l 
If a is very small then tana ~ a 
“a=- (3.40) 


Equation (3.39) can be rearranged as 


a 
= 3.41 
oO up G.41) 
From equation (3.40) and (3.41) 
Bo 
2uB 
Al 
t=— 
2up (3.42) 


Equation (3,42) gives the thickness of a thin sheet of the paper. 


3.10 NEWTON'S RINGS IN REFLECTED LIGHT 


When a plano-convex Jens of large radius of curvature is placed on a plane glass plate such 
that its curved surface lies on a plane glass plate then an air film of gradually increasing 
thickness is formed between the plano-convex lens and the plane glass plate. If monochromatic 
light is allowed to fall normally on the thin air film and the film is viewed in reflected light, 
alternate bright and dark concentric circular rings with increasing radii are observed around 
the point of contact (Fig. 3.13). 
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Travelling microscope 


Convex lens 
Glass plate 


45° 


Monocromatic source 


lano- convex lens 
——— Thin air film 


Plane glass plate 


Fig: 3.12 Experimental set-up of Newton’s rings 


The interference fringes so formed were first observed by Hooke but described by Newton 
and hence are known as Newton’s rings. Newton’s rings are used in laboratory for the 
determination of wavelength of monochromatic light and refractive index of a liquid. 


As shown in Fig. (3.12) a plano-convex lens of large radius of curvature R is placed on a plane 
glass plate with its convex surface resting on the plate. A thin air film is enclosed between the 
plano-convex lens and plane glass plate having thickness t zero at the point of contact and 
gradually increasing outward. The monochromatic light from an extended source such as 
sodium lamp falls on a glass plate G held at an angle 45° with the direction of the rays. 


The rays reflected from the glass plate G are incident normally on the air film enclosed 
between the plano-convex lens and plane glass plate. The incident light is partially reflected 
from the upper and lower surfaces of the air film and rest is transmitted through it. 


Fig: 3.13 Newton’s rings by reflected light (centre of the system is dark) 


The reflected rays from the top and bottom surfaces of the air film superimpose upon each 
other with the path difference depending on the thickness of the air film at the point of 
incidence and gives rise to an interference pattern. 
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The interference pattern consists of alternate dark and bright concentric circular rings with a 
dark spot at the centre and can be seen through the eye piece of travelling microscope. 
C---E 


E 
a 
Fig: 3.14 


As shown in Fig. (3.14) the incident ray AB is partially reflected at point B and goes along BC 
while rest part of it is transmitted through the air film. The transmitted ray BD is partially 
reflected at point D and goes along DEF. The ray BC is reflected from the bottom of the 
plano-convex lens and so there is no phase reversal. 


However the transmitted ray BD undergoes a phase change of x radians on reflection at point 
D because it reflects from upper surface of a plane glass plate which is an optically denser 
medium compared to an air film (or liquid film if air is replaced by liquid). 


Let us find the path difference between two rays BC and BDEF. If points B and E are 
assumed to be very close to each other, then from these points onwards, the two rays travel 
equal paths. Thus the extra path travelled by ray BDEF is (BD +DE). Further, let us make two 
assumptions 


(a) BD=DE, and 
(b) BD =t¢ ice. the thickness of the air film at point B 


Also, although in the Fig. (3.14) oblique incidence is shown for sake of explanation, for normal 
incidence angle of refraction 


r=Oorcosr=1. 
The optical path difference between the two interfering rays is therefore, 
0.P.D. A=2BD =2t.. 
0.P.D. A=2pt 


This is not true or total optical path difference. For true optical path difference it is necessary 
to consider phase reversal of m radians (path difference of 4/2) at point D. 


Thus, 


... in air film 


... in liquid film 


n 
0.P.D. A= 2yt—> 
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CONDITION FOR BRIGHT RINGS 


If optical path difference between the two rays is equal to an integral multiple of wavelength 4 
of incident light, then the two rays will interfere constructively, 


A=nk 

aut —S= na 

BED =n 
2ut =(2n+1)A/2, where =0, 1, 2, 3,... (3.43) 


*In case of Newton’s rings in reflected light with an air film, n cannot have a value of zero for 
bright rings. If we take n = 0, Eqn. (3.43) does not produce any mathematically illogical result 
but that is not allowed. Therefore condition given by Eqn. (3.43) can be written as 


2ut = (2n — 1)A/2 where n= 1, 2, 3,... 
CONDITION FOR DARK RINGS 


If the optical path difference between the two rays is odd integral number of half wavelength 
(A/2) then the two rays will interfere destructively. 


A=(2n+1) A/2 
out — Mes (an +1) 
2 2 

2ut = nr n=0,1,2,3, . (3.44) 


3.10.1 DETERMINATION OF DIAMETER OF BRIGHT AND DARK RINGS 


The thickness t of the air film can be calculated in terms of the radii of the rings and radius of 
curvature of plano-convex lens as follows. 


In the following fig. (3.15) a curved surface of the plano-convex lens is completed into a 
circle of radius R and C is the center of the circle. 


_-—~S 


“ N 


-— hoa 
Fig: 3.15 
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Let O be the point of contact and let the n" bright or dark ring of radius rn is located at point P 
where the film thickness is t. 


From right angle ACNP, 
CP? = CN? + NP? 
CP? = (CO — ON)? + NP? 
R? = (R-t)? + NP? 
R2 = (R-t)? + 72 
R? = R?-2Rt+t? + 


Since the radius of curvature of lens R is very large compared to thickness t of the air film ie. 
2Rt >> t?, therefore t? can be neglected. 


2Rt = 72 
ee 3 (3.45) 
Sutnt (BR . 
We have condition for darkness in reflected light, 
Qut=nd n=, 1, 2,3, eee (3.46) 
2 
Substituting t = - and Hgir = 1, above condition becomes 
2r?2 
OR =nd 
72 = nRA 
+ TM = VnRA G47) 
+ | &vn (3.48) 


Eqn. (3.48) states that the radius of n" dark ring is proportional to the square root of natural 
numbers (*" R and are constants). 


The radii of different dark rings can calculated by putting n = 0, 1, 2,3 

For zero” order dark ring, rg =0 or m= 

For first order dark ring, r?=RA or 1, = VRA 

For second order dark ring, r# =2RA or 1) = V2RA 

For third order dark ring, 1% =3RA or 13 = V3RA 

and so on... 
Similarly, for bright rings, 
= Q@n-1) = ea 


—_ 
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te (2n-1)RA 
ie tor (3.50) 


“© ¥(2n=-1) (3.51) 


Thus the radius of n" bright ring is proportional to square root of odd natural number («2,R 
and A are constants). 


The values of radii of different bright rings can calculated by putting n = 1, 2, 3,...... 
For first order bright ring, 1? = o or = [ae 
: : 5 [sza 
For second order bright ring, rz = = RA or m= i 


For third order bright ring, 7? = 5 RA or r3= _|— 


and so on... 


For dark rings, we have 


r= nRA 
In terms of diameter, 
Dn\? Dy 
(+) = nRA ( T =3) 
. D2 = 4nRA 
- Dn =V4nRA — wheren=0, 1,2,3,.... (3.52) 


For bright rings, we have 


2 AR 
tT = (2n- D> 


In terms of diameter, 
Dn 2 a AR a Pn 
(3) wen ne (*m=7) 


» _ 4RA(2n-1) 
ee ee 


Dn = V2(2n— DRA where n= 1,2,3,... (3.53) 
SPACING BETWEEN TWO CONSECUTIVE DARK OR BRIGHT RINGS 


The diameter of n™ dark ring is given by, 
Dar =4nRA 
Dy = 2Vn RA (3.54) 
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The diameter of dark rings can be calculated by using n = 0, 1,2,3, in equation (3.54). 


For zero" order dark ring, Do =0 

For first order dark ring, D, = 2VIRA 
For second order dark ring, Dz = 2V2 RA 
For third order dark ring, D3 = 2V3 RA 


For fourth order dark ring, Dy = 2V4 RA 
For fourteenth order dark ring, Dy, = 2V14 RA 
For fifteenth order dark ring, Dy, = 2V15 RA 


In Newton’s rings experiment the separation between two consecutive dark (also bright) rings 
goes on decreasing as the order of the rings increases. This can be elucidated as follows. 


D,- D, = 0.41, D3- D2 = 0.32, D4- D3 = 0.27 ......... Dis -Dy4 = 0.13 
From this it is clear that 


(D2-D;) > (D3-D2) > (D4-D3) > -.eeceeeeeeeene > Dis - Dig 


Thus in Newton’s ring pattern, the rings are seen coming closer to each other with increase in 
order of the ring. 


3.10.2 DETERMINATION OF WAVELENGTH OF LIGHT /RADIUS OF CURVATURE OF LENS 


Newton’s ring pattern viewed in reflected light should have a dark spot at the center because 
the thickness of the air film at the point of contact is zero. However, if either the plane glass 
plate or the convex surface of the plano-convex lens contains dust particles or scratches then 
the center of the pattern may not be perfectly dark. Therefore the lens and the glass plate must 
be clean and scratch free. The center of the cross-wire of the eyepiece of the microscope is 
adjusted at the central dark spot of the pattern. 


Then by counting the number of rings the microscope is moved to the right side of the central 
dark spot and the centre of cross wire is adjusted on tangential position of say 14" dark ring. 


The position of microscope is noted. Then throughout the experiment the microscope is 
moved in opposite direction so that the position of microscope is noted for 12", 10" s™ 6", 
4" and 2™ dark rings on right hand side of the center and then to the left hand side for 2" , 4” 
etc. upto 14" dark ring as shown in Fig, (3.16), 
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Fig: 3.16 
We have the diameter of the n™ dark ring in reflected light as, 
D2=4nRA (3.55) 
Diameter of (n + p)" dark ring is given by, 
Davy = 4(n +p) RA (3.56) 


Subtracting equation (3.55) from equation (3.56) we get, 
D2,, — D2 = 4pRA 
= Das p—DA 
A= anh (3.57) 


If the wavelength , of the monochromatic light used is known, then the radius of curvature R 

of plano-convex lens can be determined by the following equation, 
Dita p—DA 

= a (3.58) 


GRAPHICAL METHOD 


In practice, a graph is plotted between Disp along y-axis and order of the ring n along x-axis, 
where n = 0, 1, 2, 3,... etc. The graph is a straight line as shown in Fig. (3.17) and slope of the 
graph is calculated which is given by, 


D2 = D2 
Slope = pest it 
Thus equation (3.58) can be re-written as, 


Slope 
4a 


(3.59) 
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Fig: 3.17 


DETERMINATION OF R USING SPHEROMETER 


The radius of curvature of the plano-convex lens used in the Newton’s rings experiment for 
measurement of wavelength of monochromatic light can be determined with the help of a 
spherometer using the formula, 

Bes 4f 

~ 6h 2 

where, | is the distance between two legs of a spherometer, and h is the difference between the 
spherometer readings when it is placed on the curved surface of the lens and on a plane 
surface. 


R 


3.10.3 DETERMINATION OF REFRACTIVE INDEX OF LIQUID USING NEWTON’S RINGS 


The experimental set-up consisting of a plano-convex lens placed on a plane glass plate is 
placed in a container. First the experiment is performed with an air film between the glass 
plate and the convex surface of the lens. The diameter of n" and (n + p)" dark rings for air 
film are measured with help of traveling microscope, given by equations (3.60) and (3.61). 


For air film, 
(Di )air = 4n RA (3.60) 
(Daisy) aty =4(n+p)RA (3.61) 
Subtracting Eqn. (3,60) from Eqn. (3.61) 
(Da +p) ate = (Dar =4pRA 
(3.62) 
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Now the liquid whose refractive index is to be:determined is poured slowly in the container 
without disturbing the system. Thus the air film between lens and glass plate is replaced by 
the liquid film of refractive index y as shown in Fig. (3.18). 


Travelling microscope 


Convex lense 
Glass plate 


45° Monochromatic 
source 


Plano- convex lens 
Thin liquid film 
Plane glass plate 
Fig: 3.18 


The diameters of n" and (n + p)" dark rings are measured for liquid film. 


For liquid film, 
4nRA 
(Di? )tiquia = — (3.63) 
2 _ 4(ntp) RA 
(Drip) outa = eerie! (3.64) 
Subtracting Eqn. (3.63) from Eqn. (3.64) 
4 pRA 
12 oe 
(Drip — Di) iquta epee 
4pRA 
“he 3.65 
4 Re OP ugua si 
Putting Eqn. (3.62) in Eqn. (3.65) we get, 
De -p% 
i ( n+p Pn atr (3.66) 


| Ore Muguia 
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3.10.4 NEWTON’S RINGS IN TRANSMITTED LIGHT 
Newton’s rings can also be observed in transmitted light. Fig. (3.19) shows that the rays CF 
and CDEG are the transmitted rays. From the figure it is clear that the ray BC is partially 
transmitted which goes along CF and is partially reflected which goes along CD. The 
transmitted ray CF suffers phase reversal of x at point C. Also, the ray CD when hits point D 
it suffers phase change of x radian on reflection. 

A 


—Y\ 


\_NVE] 
ae 
Fig. 3.19 


Since each reflection suffers a phase change of x radian, the total phase change due to both 
reflections would be 2x which is equivalent to the path difference of 7. Consequently, there 
will be no phase shift between two transmitted rays. This is because if one full wave is added 
to or subtracted from any of interfering waves then it does not affect on the optical path 
difference between the rays. 


The optical path difference between two transmitted rays CF and CDEG is therefore given by. 
4=2ut cosr (3.67) 
For normal incidence, cos r = 1, and for air film pgir = 1. 
So the optical path difference becomes, 
4=2t (3.68) 


The path difference between the two transmitted waves at point of contact of lens and glass 
plate (t = 0), becomes equal to zero (i.e. A = 0), which is the condition for maximum intensity- 
Hence the two transmitted waves interfere constructively. Therefore the centre of the ring 
system in transmitted light is bright as shown in Fig, (3.20). 


Fig: 3.20 Newton’s rings by transmitted light (centre of the system is bright) 
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CONDITION FOR BRIGHT RINGS 


If the optical path difference between two rays is equal to an integral multiple of wavelength A 
then maxima will occur. 


4=na 
By putting the value of A from equation (3.67) in the above condition, we get, 
2utcosr=nd n=1,2,3,... (3.69) 


CONDITION FOR DARK RINGS 


If the optical path difference between the two rays is equal to odd multiple of wavelength 1 
then minima will occur. 


A= (2n+ 1)A/2 
By putting the value of A from equation (3.67) in the above condition, we get 
2ut cosr = (2n+1) 4/2 n=0,1,2,3,.... (3.70) 


The conditions obtained for brightness and darkness in transmitted rays are just opposite to the 
conditions obtained in reflected light. 


It is observed that in Newton’s rings due to transmitted light the centre of the ring system is 
bright, i.e. just opposite to the ring pattern due to reflected light. 


RADII OF BRIGHT RINGS 


The condition for brightness in transmitted light is 2ut cos r = nA. For normal incidence, 
cos r = 1, and for air film, Ugirp = 1. 


2 
Substituting, = HS we get, 7? =ndAR (3.71) 
“% =VnRA (3.72) 
6m © yn (+ R and X are constants) (3.73) 


Thus the radii of n” order bright rings in transmitted system are proportional to square root of 
natural numbers. 


DIAMETER OF BRIGHT RINGS 


The diameter of n"™ order bright ring is given by, 


DR=4nRA (1m = 2 (3.74) 
Dy = 2VnRA (3.75) 


RADII OF DARK RINGS 


The condition for dark ring in transmitted light is 2utcos r = (2n + 1) 4 For normal incidence, 
cos r = 1, and for air film, Hair = 1. 
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2 
Substituting, = a, we get, 72 = fuel (3.76) 


th - pees (3.77) 


4% %J(@n+1) (+2, Rand) are constants) (3.78) 
Thus the radius of n” order dark rings in transmitted system is proportional to square root of 
odd natural numbers. 
DIAMETER OF DARK RINGS 
The diameter of n" order dark ring is given by, 


2 _ 4(2n+1)RA 
fs 


Dy =2 feemene (3.80) 


In Newton’s rings due to transmitted light the diameter of bright rings are proportional to the 
square root of natural numbers whereas the diameter of dark rings are proportional to the 
square root of odd natural number. 


(+7 = 72) (3.79) 


Fig: 3.21(a) Newton’s ring by reflected light Fig: 3.21(b) Newton’s ring by transmitted light 
(centre of the system is dark) (centre of the system is bright) 
It has been observed that the Newton’s rings due to transmitted light are complementary to 
that seen in reflected light. However the Newton’s rings seen in transmitted light are much 
poorer in contrast, because the transmitted rays emerge with lower intensity in comparison 
with the reflected rays, 


3.10.5NEWTON’S RINGS IN WHITE LIGHT 


When a monochromatic source of light is used in the Newton’s rings experiment, with an air 
film, the interference pattern consists of alternate dark and bright concentric rings with a central 
dark spot. We know that the diameter of the dark ring is proportional to wavelength of the light. 


D2=4nRA 
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If instead of monochromatic light, white light is incident on the air film, coloured rings of 
different diameter would be seen. This is because the ring diameter depends upon the 
wavelength of light used. Due to overlapping of rings of different colours, only first few rings 
near the point of contact would be clearly visible while other rings cannot be viewed clearly. 


3.10.6 NEWTON’S RINGS WITH BRIGHT CENTRE DUE TO REFLECTED LIGHT 


Newton's rings are obtained by reflected light with a dark spot at the centre of the fringe 
pattern when there is an air film between the plano-convex lens and the plane glass plate. The 
thickness of air film is zero at the point of contact of the convex surface of the lens and the 
plane glass plate, but the two reflected rays suffers phase change of x radians which is 
equivalent to path difference of 4/2. 


Let us consider that an air film is replaced by a transparent liquid of refractive index ‘p’. The 
refractive index of the material of the plano-convex lens is j1; and that of the plane glass plate 
is 2 such that 11 < p < py. This is possible if a few drops of sasafaras oil are introduced 
between a plano-convex lens of crown glass and the plate of flint glass. 


The ray BC is reflected from a boundary between an optically rarer and denser medium so it 
suffers phase change of x radian. Further the ray BD undergoes reflection from a boundary 
between an optically rarer and denser medium so it suffers phase change of x radian. 


C F 


Fig. 3.22 
Therefore the effective optical path difference between the reflected rays is given by, 
A= 2t cosr 
For normal incidence cos r = 1 
A= 2ut 


The thickness of air film is zero at the point of contact of lens and glass plate. The path 
difference between the reflected ray A = 0, which is the condition for maximum intensity. The 
reflected rays interfere constructively and hence maximum intensity is observed at the centre 
of rings system i.e. the centre of system will appear bright. 
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3.11 APPLICATIONS OF INTERFERENCE 


Phenomenon of interference is used in variety of applications. Following are some of the 
applications of practical importance. 


(a) Testing of machine components for flatness: The metallic discs or plates used as 
machine parts must have their surfaces highly finished. The flatness of these 
components can be tested using phenomenon of interference of light. An air wedge is 
formed by keeping an optical flat on the specimen surface at an angle and it js 
illuminated with monochromatic light. 


If the specimen surface is optically plane then the fringes would be straight and of equal 
thickness. The fringes curved towards the contact edge indicate that the surface is 
concave and fringes curved away means that the surface is convex. The surface of the 
specimen is polished so that the air wedge produces interference pattern consisting of 
equidistant parallel fringes. 


Fig. (3.23) shows three different fringe patterns. 


Incident Retlenes 


Interference 
Pattern 


Contac 
Edge 


Interference 
Pattern 


Interference 
Pattern 


Wy 


Fig. 3.23 (b) concave 


(b) Testing of lens surface: The optical components such as lenses used in sophisticated 
instruments require testing for their optical flatness. Newton’s rings experiment can be 
performed by placing a lens under test on an optically flat glass plate and the rings 
pattern can be observed. A circular fringe pattern is an indication of properly ground 
lens. Any variation in the fringe pattern suggests that the lens needs to be polished. The 
phenomenon of interference of light helps test finishing of lenses to the precision of less 
than a wavelength of light. 


Fig. 3.24 (a) & (b) shows Newton’s rings pattern in case of perfectly and roughly ground 
lens respectively. 
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Fig: 3.24 (a) Fig: 3.24 (b) 
(c) Anti-reflection film: The lenses used for cameras and binoculars are coated with a thin 
transparent film to minimize the reflection of light incident on the lens surface. Such 
deposition of thin film on optical surfaces is known as antireflection coating. Reduction 

of reflection means less loss of incident light. This improves the quality of the image. 


For a film to act as antireflection coating following two conditions must be satisfied. 
1. Phase condition: The light waves reflected from the top and bottom surfaces of the 
deposited film must be out phase by 180° (equivalent to m radians). 
2. Amplitude condition: The reflected waves should have same amplitude. 


The above conditions determine the thickness of the AR film, and the refractive index of 
the material of the film to be used. 


1. Phase condition: Let the ray AB be incident on the upper surface of the film. It is 
partially reflected along BR, and rest of it is transmitted in the film along BC. The 
ray BC is internally reflected at point C and hits the upper surface of the film at point 
D and undergoes partial internal reflection and partial refraction. The refracted ray 
goes along DR). The phase reversal occurs at B (air- film boundary) and at C (film - 
glass boundary). 


transparent thin film 


+— substrate ( Lens) 


Fig: 3.25 
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Let j1, is the refractive index of the air, ur is the refractive index of the thin film, pig is 
the refractive index of the substrate, t is the thickness of thin film. Therefore net 
optical difference between the reflected rays BR; and DR; is, 

er Aa 

= 2ustcost —5— 5 

A= 2uptcosr —A 
If one full wave is added to or subtracted to any of interfering waves it does not 
affect the optical path difference between the rays. Hence the above relation can be 
written as 


A= 2urtcosr (3.81) 
The reflected waves BR, and DR, interfere destructively if the net optical path 
difference satisfies the following condition. 
A 
A=(2n+1)5 
By putting A = 2y¢tcos r in above condition we get, 
a 
2urtcosr = (2n +1) A 
For normal incidence, cosr = 1 
A 
2ufpt = (2n + 1) 3 (3.82) 


The thickness of the deposited film will be minimum t i, when =0 


2ugtmin = 2 
a 


tnin = auy (3.83) 


It means that the thickness of deposited film should be 4/4 for one particular 
wavelength of the light. 


2. Amplitude condition: The amplitude condition dictates that amplitudes of the reflected 
rays BR, and DR, should be equal. 


This requires that, 
2 2 
Uy — Ha Hg it) 
ee | ee 84 
(i + 4 te +My Gee 


where js is the refractive index of the thin film, j1, the refractive index of the glass, 
and pi, the refractive index of air. Since, 1, =1, Eqn. (3.84) can be written as, 


(ur-1\? (un —ur\? 
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This can be simplified as, 


Giga) (4g = #r) 
(up +1) (Uy + Hy) 


(up — 1)(ug + Hp) = (ey + 1) Hg - Hy) 


Hyg + Up? — Hg — Mp = Mp hg — My” + My — Hy 


us” = 2g [since wy * Ug] 


* Up = Jig (3.85) 


It is seen from Eqn. (3.85) that the refractive index of the thin transparent film 
deposited on the lens should be nearly equal to the square root of the refractive index of 
the lens. 


In case of glass, 1, =1.5 
Mp = V15 = 1.22 


Magnesium fluoride, MgF) (u = 1.38) is preferred as antireflection coating because its 
refractive index is very near to the square root of the refractive index of glass. Anti- 
reflection coating on camera and telescope lenses are designed for a wavelength in the 
middle of the visible band giving reasonably good anti-reflection over the entire band. 


The additional qualities of magnesium fluoride are that it is adhesive, scratch free, and 
durable. A transparent thin non-reflective film of silicon monoxide coated on the 
surface of a solar cell minimizes reflective losses. 


Example 1: A transparent film of silicon mono-oxide having refractive index of 1.45 is 
coated on the surface of solar cell having refractive index of 3.5 to minimize reflection 
losses. What minimum thickness film of silicon monoxide should be deposited on the 
solar cell surface? (Wavelength of sun light taken as a mid wavelength of visible light = 
5500 A). 


Solution: Given 
refractive of the film (t1¢) = 1.45 
wavelength (4) = 5500 x 10° m 
Formula: The minimum thickness of deposited film is given by, 
ite A = 5500 x 10-10 
4ur 4x 1.45 
tmin = 9.482 x 1078m = 948.2 x 107!°m 
tmin = 948A 
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It implies that a transparent film of silicon mono-oxide having thickness of 948 A 
should be deposited on the solar cell surface to minimize reflection losses, 


(d) Highly Reflecting Film: A thin transparent film coated on a glass surface can act as 
highly reflecting film, Such coating is useful especially in sun glasses as well as in 
window glass of cars and buses. 


A thin film of refractive index ji, < fy <py is deposited on a glass substrate. Ray AB 
incident on the upper surface of the thin film gets partially reflected and refracted at 
point B. The reflected ray goes along BRyand refracted ray along BC. 


The refracted ray BC undergoes reflection at C and proceeds along CD. At point D ray 
CD refracts along DR». The phase reversal occurs at B (air- film boundary) and at C 
(film - glass boundary). 


The path difference between rays BRiand BCDR; is 
- AA 
A= 2urtcosr laa (3.86) 


« A= 2uptcosr—A (3.87) 


If one full wave is added or subtracted from any of interfering waves it does not affect the 
optical path difference between the rays. 


Hence the effective optical path difference becomes 


A= 2pytcosr (3.88) 


ca 


Fig: 3.26 


The reflected rays BR; and DR» interfere constructively if the net optical path difference is 
equal to an integral multiple full wavelength. 


A=na 
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Putting A= 2y,tcos r in above equation we get, 
2uftcosr = na (3.89) 
For normal incidence, r= 1, 
2upt = na (3,90) 
Thus if the thickness of the deposited film = nA/2u,, then on account of constructive 
interference the film acts as highly reflecting film. 
Why are Newton's rings circular? 


The locus of all points having the same thickness of air column is circular with its centre at 
the point of contact of plane glass plate and plano-convex lens. Light reflected from all 
these points will have same brightness (or darkness). Therefore Newton’s rings are circular 


SOLVED PROBLEMS 


1. A parallel beam of light (A = 5870 A) is incident on a thin glass plate (u=1.5), such 
that the angle of refraction into the plate is 60°. Calculate the smallest thickness of the 
glass plate which will appear dark by reflection. 


Solution: Given 

Wavelength of the light (A) = 5870 A = 5870 x10"°m 

Refractive index of glass plate (1) = 1.5 

Angle of refraction ( r) = 60° 
Formula: The condition for n” order darkness (reflected system) 

2ptcos r=nar where n=1,2,3...... etc. 
For minimum thickness, t = t min, n= 1 
Above condition becomes, 
2pt mncosr=1xA 


xn = 5870 x 10720 
2ucosr 2x15 xX cos60° 


tmin = 
= 3.913x107 m = 3913 x10" m 
The smallest thickness of the glass plate (t ys) = 3913 A 
2. A soap of refractive index 1.33 is illuminated with light of different wavelengths at an 


angle of 45°. Calculate the smallest thickness of the film which will appear dark by 
reflection. Given wavelength of light used (= 5890 A, 


Solution: Given 
Refractive index (\1) = 1.33 
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Angle of incidence (i) = 45°. 
Wavelength of light (4) = 5890 A = 5890 x 107° 
Formula: Calculation of cos r 


We have Snell’s law, 


<= sini 
e= Sinr 
.  Sini sin45 
eS ee 
sinr= 0.5316 = r=32.11° 
“cos r= 0.8470 


Calculation of minimum thickness of film 
Condition for darkness in the reflected light 
2ut cosr=nr HF 1 2351 nw BIG 
For minimum thickness film, n= 1 


; nv 1 x 5890 x 10-10 
min 2ucosr 2 X 1.33 x 0.8470 


= 2.614 x107 m= 2614 x10 m 
The smallest thickness of the film (t min) = 2614 A 


3. A soap film of 5 x 10° cm thick is viewed at an angle of 35° to the normal. Find the 
wavelength of the light in the visible spectrum which will be absent from the reflected 
light (1 = 1.33). 

Solution: Given 

Angle of incident (i) = 35° 
Thickness of soap film (t) = 5 x 10° cm 


Refractive index of soap film (qu) = 1.33 
Formula: Calculation of cos r 


We have Snell’s law, u= eu 
sinr 
: sini sin35 
snr = — = — 
It 1.33 


sinr =0,4312 = r =25'54° 
* cosr =0,9022 


Calculation of wavelength of various orders 
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The wavelength of visible light (4000 to 7800 A) which will be absent from the reflected 
light can be calculated using condition of destructive interference of light. 


Condition of darkness for reflected rays is given by, 
2utcosr=nd n=1,2,3,... ete. 
2utcosr 
n= Zab gost 
n 
The value of wavelength of various orders can calculated by putting n= 1, 2,3 
For first order, n= 1 
2x133x5x1075 x 0.9022 
Ay SS 
1 
Aa = 12 x 10° em = 12000 x 10% cm 
44 = 12000 A (lies in the infrared region) 
For second order, n = 2 
2x 1335x1075 x 0.9022 
oS ee 
2 
Ap = 6X 10° cm = 6000 x 10% cm 
do = 6000 A (lies in the visible region) 
For third order, n =3 
_ 2x133x5x 1075 x 0.9022 
3 
43 =4 x 10° cm = 4000 x 10% cm 
23= 4000 A (lies in the visible region) 


dg 


For fourth order, n =4 


x 2x 1335x1075 x 0.9022 
ge 
4 


Ay = 3 x 10° cm =3000 x 10% cm 
44= 3000 A (lies in the ultra violet region) 
Hence the wavelength 3 = 6000 A and A, = 4000 A are absent in the reflected light. 


4. White light is incident on a soap film at an angle sin”'(4/5) and the reflected light is 
observed with a spectroscope it is found that two consecutive dark bands corresponds 
to wavelengths 1, = 6100 A and A, = 6000 A. Calculate the thickness of soap film. 
Given that the refractive index of the soap film (11) = 4/3. 


Solution: Given 
Refractive index of soap film (1) = 4/3 
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Angle of incidence (i) = sin'(4/5) 
Wavelength (41) = 6100 A = 6100 x10"? m 
Wavelength (A2) = 6000 A = 6000 x10"? my 
Formula: Calculation of order of dark band 
The condition for darkness in the reflected system is given by, 
2ptcosr=ndr (1) 


If n™ dark band corresponds to wavelength (A;) and (n+1)" dark band corresponds to 
wavelength (A,) then equation (1) can be written as 


2ptcos r= nd, (2) 
2ptcos r= (n+1)ry (3) 
From equation (2) and (3) nay = (nt1)Ay 
ho 6000 x 10-1° 


ty —4y (6100 — 6000) x 10-10 
Order of the band (n) = 60 


Calculation of cosr 


We have, Snell’s law, Le ioe 
sinr 

4/5 4 3 3 

sinr =—— = -x-=-— 

4B S"°4 Ss 


r=sin} () = 36.86° 
5 
cos r = 0.8001 
Calculation of thickness of soap film 
Equation (2) becomes, 2ptcos r= nA, 


fees ny 60 x 6100 x 1077° 
2ucosr 2 x Fx 0.8001 


Thickness of soap film (t) = 1.71*10° m 


5. A wedge shaped air film is illuminated by light of wavelength 4650 A. The angle of 
wedge is 40 seconds, Calculate the separation between two consecutive fringes. 
Solution: Given 
Refractive index (Hair) =1 


Wavelength of light (A) = 4650 A = 4650 x107!° m 
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Angle of wedge (a) = 40 seconds 


40 nt ey x 
60 x60 x Tao= 1.939 x 107-4 radians 
u 4650 x 1071° 


Fringe width (8) = 575 = 331% 1,939 x 10 


Fringe width (B) = 1.19910" meter 
6. A wedge air film is enclosed between two glass plates in contact at one edge and 


separated by a wire of 0.06 x 10° m, diameter at a distance of 0.15 m from the edge. 
Calculate the fringe width. Given- the light wavelength 6000 A’ is used. 


Solution: Given 
Thickness of wire (t) = 0.06 x 107 m 
Length of air film (J) = 0.15 m 
Light of wavelength (A) = 6000 A = 6000 x 107° m 


a 
Formula: Fringe width (B) = a 


0.06 x 10-3 
0.15 


_ 6000 x 10779 x 0.15 
~ 2x 1x 0.06 x 10-3 0.15 + 


=7.5 x 10-*m (Hair = 1) 
B=7.5x 104 m 


tana =a= 


The fringe width (B) = 0.75 x 10° m= 0.75 mm 


7. Interference fringes are produced with monochromatic light falling normally on a 
wedge shaped air film of cellophane whose refractive index is 1.40. The angle of 
wedge is 10 seconds of an arc and distance between successive fringes is 0.5 cm. 
Calculate wavelength of light used. 

Solution: Given 

Wedge angle (a) = 10 second 

Fringe width (B) = 0.5 cm 

Refractive index (1) = 1.40 
10x 


Ae BUA “Sy 
10 seconds = 60 x 60 x 180 3.848 x 10 ~*rad 


nr 
Formula: Fringe width (p) = Qna 


4 = 2pap 
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vA =2 x 1.40 x 3.848x10° x 0.5 
d = 6787 x10% cm 
Wavelength of light (A) = 6787 A 


§. Fringes of equal thickness are observed in a thin glass wedge of refractive index 1.5 
the fringe spacing is 1mm and the wavelength of light is 5896 A. Calculate angle of 
wedge in seconds of an arc. 


Solution: Given 
Refractive index (1) =1.5 
Fringe width (6) = 1 mm = 1x10? m 
Wavelength of light (A) = 5896A = 5896 x10"? 
Formula: fringe width (8) = re 
_ 2% 5896x 107° 
~ 2up 2x 1.5x1x 1073 
o. = 1.9653*10" radians 


a 


180 
a= 1.9653 x 1074 x —S X 60 X 60 seconds 


Angle of wedge (a) = 40.53 Seconds 


9. In Newton’s rings experiment the diameter of fifth dark ring is 0.65 cm and that of 
fifteenth dark is ring is 0.95 cm. If wavelength of the source used is 6000 A. Calculate 
the radius of curvature of a convex surface of the lens in contact with the glass plate. 


Solution: Given 
Diameter of 5" dark ring (D;) = 0.65 em 
Diameter of 15" dark t ring (D,;) = 0.95 cm 
Wavelength of the light (2) = 6000A° = 6000 x10 cm 


Ditp—Da 
Formula: we have, 1 = ————— 
4pR 
aRele on 
4pa 
2. p2 yr 2 
pu Dis DE _ (0.95) = (0.65)? _ ogy 


4px 4x10 6000% 10-8 


The radius of curvature of a convex lens (R) = 200 cm 
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10. Newton’s rings are obtained with reflected light of wavelength 5893 A. The 
diameter of 10" dark ring is 5 mm. Now the space between the lens and the glass 


plate is filled with a liquid of refractive index 1.25. What is diameter of 10" dark 
ring now? 


Solution: Given 


Wavelength of light (1) = 5893A° = 5893 x 10% cm 
Diameter of 10" dark ring (D1) = 5 mm =0.5 cm 
Order of dark ring (n) = 10 
Refractive index of the liquid (u) = 1.25 
Formula: The diameter n" order dark ring is given by, 
4nRA 
n 


2 = 
n 


For air film, 


The diameter 10" dark order ring is given by, 


pee 4nRA 
an 
Djp = 4nRA (Hair=1) (1) 


For liquid film, 


Let D4 be diameter of 10" order dark ring & given by 


pire ee es (2) 
Divide equation (1) by (2) 
Dio 
Pig 
pete Dio _ (0.5)? 
uw 1.25 


Dio = 0.4472 cm 
The diameter of 10" dark ring for liquid film D4, = 0.4472 cm 


11. In Newton’s ring an experiment the diameter of 5th ring was 0.336 cm and that of 
15th ring was 0.590 cm. Find radius of curvature of plano-convex lens, if the 
wavelength of 5890 A’ is used. 


Solution: Given 


Diameter of 5“ ring (Ds) = 0.336 cm 
Diameter of 15" ring (D1) = 0.590 cm 
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Wavelength of light (A) = 5890 A = 5890 x10 cm 


Daap—DA 

Formula: = Tat 
R= Disp ae Di 

Apa 


_Dis— Dz _ (0.590)? ~ (0.336)? 
4ph 4X 10x 5890 x 10-8 


The radius of curvature of plano-convex lens ( R ) = 99.83 cm 


12. Show with clear examples that separation between two consecutive similar rings in 
Newton’s ring experiment goes on reducing as the series number of ring increases. 


Solution: The diameter of n" order dark ring is given by, 


D2=4nRA 
Dy = 2Vn RA (1) 
The diameter of different order dark rings can calculated by putting n = 0,1,2,3,.. in equation (1) 
For zero" order dark ring, Dy = 0 
For first order dark ring, D,=2V1RA = 2vVRA 
For second order dark ring, Dz = 2V2 RA 
For third order dark ring, D3 = 2V3 RA 
For fourth order dark ring, Da = 2V4RA 
For seventieth order dark ring, Dry = 2V70 RA 


For seventy-one th order dark ring,  D71 = 2V71 RA 


In Newton’s rings experiment the separation between two consecutive dark (also bright) rings 
goes on reducing as the series number of ring increases. This can be elucidated as follows. 


D,~ D; = 0.41, D3- D, = 0.32, D4- D3 =0.27.  andsoon... Dz, -D7) = 0.06 
From this it is clear that 
(Dy-D1) > (D3-D2) > (D4-D3) > ceecreersneeeee > (Dy - D7) 


Thus in the Newton’s rings pattern the rings are seen coming close with increase in the order 
of the ring. 
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13. Newton’s ring arrangement with a source emitting two wavelengths A, = 6000 A and 
A2= 4500 A and it is found that n™ dark ring due to wavelength 4; coincides with 
(n+1)" dark ring due to wavelength 2, Find the diameter of n'" dark ring of A 
given that the radius of curvature of the convex lens (R) = 90 cm. 


Solution: Given 
Wavelength (41) = 6000 A = 6000 x 10% cm 
Wavelength (A) = 4500 A =4500 x 10° om 
Radius of curvature (R) = 90 cm 
Formula: The diameter of n"™ order dark ring is given by, 
D2 = 4nRA (1) 
The diameter of n® order dark ring corresponds to wavelength i, is given by, 
D2 = 4nRAq (2) 
The order (n+1)" order dark corresponds to wavelength A, is given by, 
D1 = 4(n + IRAQ (3) 
The diameter of n'" order dark ring due to A; coincides with (n+1)" order due to A2 
Di = Dias 
4nRA, = 4(n+1)RA, 
nd, = (n+ 1)RA, 
NAy = NAg + Az 
n(Aq — Ag) = Az 
dp 4500 x 107° 


4, -A2 (6000 — 4500) x 1078 


n= 


Order of the ring (n) =3 
Substitute (n = 3) in equation (2) 

D2 = 4nRA, 

Di = 4x3 x 90 x 6000 x 1078 = 0.0648 
The diameter of n™ dark ring (D,) = 0.2545 cm. 


14. Light containing two wavelengths, A, and A, falls normally on a convex lens of 
radius of curvature R resting on a glass plate. Now if n" dark ring due to Ay 
coincides with (n+1)" dark ring due to light of wavelength Az. Show that radius on 

A1agR 


n“" dark ring is given by, 1 = ‘ 
A1-A2 


Solution: The diameter of n™ order dark ring is given by, 
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D2 = 4nRA (1) 
The diameter of n" order ring corresponds to wavelength A, is given by, 
D2 = 4nRAy (2) 
The diameter of (n+1)" order dark rings corresponds to. wavelength Ay is given by, 
Dear = 4(n- + L)RAQ (3) 
Diameter of n™ dark ring due to wavelength A; coincides with diameter of (n+1)" dark ring 


due to wavelength A2 
Di = Diy 


From equations (2) and (3), 4nRAq = 4(n + 1)RA2 


d2 
=— 4 
on (4) 
By using equation (4) in equation (2), 
D2 = 4nRA, 
r 
2 2 
Dn ( = | Ri 
r 
(2r,)* = 4(—2-) Ria (Dn = 2tn) 
1—A2 
hod 
4r2 = 4 ne 
2 
2_ MAR 
r= 
"a = Aa) 
P2 444,R 
a Ay =, Az 


15, Newton’s ring arrangement is used with a source emitting two wavelengths 4, and 
da It is found that the n" dark ring due to 44 coincides with (n+1)" dark ring due to 
’y. Find the diameter of the n™ dark ring for wavelength 4;. Given 4, = 6000 A, 2= 
5900 A and radius of curvature of the lens is 90 cm, 
Solution: Given 
1 = 6000 A = 6000 x 10° cm, 
Ae = 5900 A = 5900 x 10% cm 
R=90cm 
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Formula: We have, D, =21% =2x aR 


(1-2) 


ee 6000 x 10-8 x 5900 x 10-8 x 90 
(6000 — 5900) x 10-8 
= 0.128 


The diameter of the n™ dark ring (D,) =0.128 em 


16. In Newton’s rings experiment what will be the order of the dark ring which will 
have double diameter of that of 20" dark ring given the wavelength of incident light 
is 5893 A. 


Solution: Given 
Dark ring (n) = 20 
Wavelength (2) = 5893 A 
Formula: The diameter n™ order dark ring is give by, 


D2 = 4nRA () 
The diameter of 20" order dark ring is given by, 
D3) = 4x 20 RA (2) 
Let n be the order of the dark ring whose diameter is twice that of the 20" dark ring. 
Dn = 2D2 
We have D2 =4n RA 
(2D»)’=4nRA 
4D*99 = 4 n RA (6) 
Dividing equation (2) by (3), 
D3, 4x20xRXA 


4D2,. 4xnxRXxar 
The order of 40" dark ring (n) = 80 
17. In Newton’s Ring experiment the n™ dark ring due to light of wavelength A; 
coincides with (n+2)" dark ring due to light of wavelength 42. Show that radius on 
2A1A2R 
QOu-A2) 
Solution: The diameter of n" order dark ring is given by, 


D2 = 4nRA (1) 


n“ dark ring is given by, 1, = 


94 | Applied Physics 


The diameter of n" order dark ring corresponds to wavelength ), is given by, 


D2 = 4nRA, (2) 
The order (n+2)" order dark corresponds to wavelength Ay is given by, 
Diz = 4(n + 2)RAz G3) 
The diameter of n " order dark ring due to 4, coincides with (n+2)" order due to A 
Df = Disa 


4nRA, = 4(n + 2)RAz 
nhy = NAzg + 2A2 
n(Ay — Az) = 2Az 


2he 
=> 4 
= Gm) - 
On putting value of n in equation (1) 
2) 
D2 = 
"OG -a) 
2A4A2R 
7 1/2: 
(2r,)* = 4 Oa Ia) (2 Dp = 2%) 
2 2AgR 
m= 
(Aa — A2) 
2g hoR 
hacme 
no Qa — Az) 


18, In a Newton’s ring experiment the diameter of 5" dark ring was 0.336 cm. Find the 
radius of curvature of the plano- convex lens, if the wavelength of light used is 5880 


A. Also find the radius of 15" dark ring. (Given 1 = 1) 


Solution: Given 
Diameter of 15" dark ring (D,;) = 0.336 cm 


Wavelength of the light (A) = 5880 A= 5880 x 10% em 
Refractive index of medium (1) =! 


Formula: The diameter of n" order dark ring is given by, 


D2 = 4nRA 
Calculation of the radius of curvature of the plano- convex lens 
D2 (0.336)? 
RSS oe ae = 160 cm 
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The radius of curvature of the lens (R) = 160 cm 
Calculation of the radius of of 15" dark ring 
D2 = 4nRA 
r= nRd G th = 7s) 
rfg = 15 x 160 x 5880 x 1078 


Ts = V15 x 160 x 5880 x 10-8 
= 0.375 
The radius of 15" dark ring (1,5) = 0.375 cm 


19. In Newton ring experiment the diameter of 4 and 12" dark rings are 0.40 cm & 
0.70 cm. Find diameter of 16" dark ring, 


Solution: Given 
D,= 0.40 cm 
Dy = 0.70 cm 
D2 ay, D2 
Formula: A=—tP 8 
4pR 
Déntp) — Di: = 4pRA (1) 
D?, -DZ=4x8xXRA (2) 
D?,-DZ=4x12xRA (3) 


Dividing equation (3) by (2) we get, 


Dig —DZ_ 4x12xRA 
D3,-D2  4x8XRA 


(0.70)? - (0.40)? _ 3 


D3,— (0.40)? 2 
The diameter of 16" dark ring (D4. = 0.61 cm 
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20. Newton’s rings are observed in reflected light of wavelength 5893 A. The diameter 
of 15" dark ring is 0.75cm. Find the radius of curvature of the convex lens and 
thickness of the air film. 


Solution: Given 
Wavelength of the light (A) = 5893 A = 5893 x10°cm 
Diameter of 15" dark ring (Dys) = 0.75 cm 
Order of dark ring (n) = 15 
Formula: The diameter of n" order dark is given by, 
D2 = 4nRr 
Determination of radius of curvature ( R) 


Wit Be. (0.75)? 
~ anh 4X15 X 5893 x 1078 


The radius of curvature (R) = 159 cm 


Determination of thickness of air film (t) 


_ _ Das 0.75 _ 

= oR (us=q8=" = 0.375 em ) 
(0.375)? 

~ 2x159 aie 


Thickness of air film (t) = 3.42 <10% em 


21. Newton’s rings are formed with reflected light of wavelength 5896 A with a liquid 
between the plane glass plate and convex lens. The diameter of the 10 dark ring is 
0.41 cm and radius of curvature of the lens is 1 meter, calculate refractive index of 
the liquid. 


Solution: Given 
Wavelength of light (2) = 5896 A= 5896 x 10° cm 
Diameter of 10" dark ring (Dio) = 0.41 cm 
Order of the dark ring (m) = 10 


Radius of curvature of the lens (R) = 1 m= 100 cm 


Formula: Diameter of n" order ring for liquid film is given by, 


be = 4nRa 
mn 
4nRA _ 4x10 x 100 x 5893 x 10-8 
yh ”~«S 


Refractive index of the liquid (4) = 1.40 
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22. In Newton’s ring experiment if a drop of water (1 = 4/3) be placed in between the 
convex lens and plane glass plate, the diameter of 10" dark ring is found to be 0.6 
cm. Calculate the radius of curvature of the lens in contact with the glass plate. 
Given that wavelength of light used is A = 6000 A. 


Solution: Given 
Refractive index of the liquid (1) = 4/3 
Diameter 10" dark ring (Dj) = 0.6 cm 
Order of dark ring (n) = 10 
Wavelength of light (A) = 6000 A= 6000 x 10° em 

Formula: The diameter of n® order dark ring for liquid medium is given by, 

_ 4nRA 

ss 

_DAXp_ (0.6)? x (4/3) 

4nh 4x 10 x 6000 x 10-8 
The radius of curvature of the lens (R) = 200 cm 


Di 


23. A glass microscope lens (u = 1.5) is deposited with magnesium fluoride (1; = 1.38) 
film to increase the transmission normally incident light 4 = 5800 A. What minimum 
thickness should be deposited on the lens surface? 


Solution: Given 
Refractive of the film (1) = 1.38 
Wavelength (4) = 5800 x 10°? m 
Formula: The thickness of deposited film is given by, 
to at ~ 5800 x 10719 
min Aue 4x 138 
tmin = 1.051 x 10-7m = 1051 x 1072°m 
Thickness of deposited film (tnin) = 1051 A 


24. White light is incident at an angle of 45° on a soap film 4 x 10° cm thick. Find the 
wavelength of light in the visible spectrum which wavelength will be absent in the 
reflected light (u= 1.2). 

Solution: Given 

Angle of incidence (i) = 45° 
Thickness of soap film (t) = 4 10° cm 
Refractive index of soap film (= 1.2). 
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Formula: Condition for n" order darkness (reflection system) 


2utcosr=nd n=1,2,3..... 


Calculation of angle of refraction (r ) 


We have Snell’s law he bea 
sinr 
Pe ee sini Sani sin45 
r= sin™* |—}) = sin FS) = 36.10° 
1.2 


cos r = 0.8079 


Calculate wavelength for various reflection order (n) 
2ut cosr = nd 
2utcosr 
9, = SHCOSE 
n 
For first order dark fringe, n =1 


i 2utcosr 2x1.2x4x 1075 x 0.8079 
fa a ne 
n 1 


dy = 7.755 *10° om 
My = 7755 x 10-8cm 
For second order fringe, n = 2 


Qptcosr 2x1.2x4x10~ x 0.8079 
Wg =——— = 
n 2 
di = 3.877 «10° cm 
Mo = 3877 x 10% cm 


For second order fringe, n = 3 


Qutcosr 2X 1,2x4%x 107° x 0.8079 

he = = 
n 3 

Ay = 2.585 10° cm 

Na = 2585 x 10% cm 


M= 7755x10" cm = 7755 A lies in visible spectrum (4000 to 7800 A) will be absent in the 
reflected light. 
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25. A light of wavelength 5500 A incident on thin transparent denser medium having 


refractive index of 1.45. Determine the thickness of thin medium, if the angle of 
refraction is 45° (Given n = 1 and reflected system). 


Solution: Given 
Order of reflection (n) = | and reflected system 
Wavelength of light (A) = 5500A = 5500 x10"° m 
Reflective index (1) =1.45 
Formula: Condition for n" order minima (reflected light) 
2ptcosr = nA, n= 1,2 ,3...... etc. 
na _ 1x5500x1074 1x 5500 x 107° 
2utcosr 2x1.45xcos459 2x 145 x 0.7071 
t=2.68 x 107m 
Thickness of thin medium (t) = 2.68 x 10°" m 


t= 


26. Newton’s rings are obtained with monochromatic light in between a flat glass plate 
and convex lens are viewed normally. What will be the order of the dark ring which 
will have double the diameter that of 40" dark ring? 


Solution: The diameter n" order dark ring is given by, 


D2 = 4nRA . Q) 
The diameter of 40° dark ring is given by, 
D3) = 4x 40RA (2) 
Let n be the order of the dark ring whose diameter is twice that of the 40" dark ring. 
D,=2 Dy (3) 
Equation (1) becomes, (2Da)’=4nRA 
4D749=4nRA (4) 


Divide equation (2) by (4), 


Dig _4X40XRXA 
402, 4xnxRXx 


Order of 40" dark ring (n) = 160 


27. White light falls normally on a soap film of thickness 5 «10% cm and of refractive 
index 1.33, which wavelength in the visible region will be reflected most strongly? 


Solution: Given 
Thickness of soap film (t) = 5x 10%cm 
Refractive index of soap film (1) = 1.33 
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Formula: We have condition for n" order maxima (brightness) 


Calculation of wavelength (A) for varies orders of reflection 


Xr 
2utcosr = (2n+ > 


_ Autcosr 
~ (2n+1) 


For normal incidence, cos r= 1 


For n=0 


For n=1 


For n=2 


For n=3 


As = 5320 A lies in visible region (4000 to 7800 A). Hence 3 = 5320A° will be the most 


Ge AE ot 
7 [2x (0) +1] 


Ay = 2.66 x 104%cm 
= 26600 x 10% = 26600 A 


_4x133x5x10%x1 
a [2 x (1) +1] 


do = 8.866 x10? cm 
An= 8866 x 10° = 8866 A 


: _4x133x5x 10x 1 
a [2 x (2) + 1] 


43 = 5.32x10% om 
A3= 5320 x 10° = 5320 A 


_ 4x 133x5x 1075 x1 
7s [2 x (3) +1] 


da = 3.8 x 10°cm 
A4= 3800 x 10° = 3800 A 


strongly reflected wavelength. 


T= 0,1, 2 5B 5 soe tae cee cae cae ates 
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28. A soap film of refractive index 4/3 and thickness 1.5 « 10% cm is illuminated by 
while light incident at an angle of 45°. The light reflected by it is examined by a 
spectroscope in which is found a dark band corresponding to a wavelength of 5000 
A. Calculate the order of interference band, 


Solution: Given 

Refractive index of soap film (1) = 4/3 = 1.33 

Thickness of soap film (t) = 1.5 x107 cm 

Angle of incidence (i) = 45° 

Wavelength of the light (A) = 5000 A = 5000 = 10% cm 
Formula: Condition for n” order dark band, 
2ptcosr = nd 

Calculation of angle of refraction (r) 


We have Snell’s law, 


sini 
h= ant 
: sini sin45° 
sinr = “rE = a 0.5316 
r=32, 11° 
cos r= 0.8470 


Calculation of the order of interference band (n) 


_Qutcosr 2x 133 15x 10-* x 0.8470 
4 5000 x 10-8 
n=6.75%6 

Order of dark band (n) = 6 


29. A wedge shaped air film having angle of 40 seconds is illuminated by monochromatic 
light. Fringes are observed vertically through a microscope, The distance between 10 
consecutive dark fringes is 1.2 cm. Find the wavelength of monochromatic light used. 

Solution: Given 

Angle of wedge (a) = 40 seconds 
Fringe width (B) = 1.2 om 
w 


40 
. peek ee =4 
40 seconds 60x 60 x 180 1,939 x 107* rad 


x 
Formula: 6 = aie 
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For air film p = 1 
2 =2uaB 
40xXT 
60 x 60 x 180 
= 3.654 x10° cm = 4654 x10%cm 


=2x1x12x 


Wavelength of monochromatic light (A) = 4654 A 


30. Find the minimum thickness of the soap film which appear yellow (5896 A) in 
reflection when it is exposed by white light at an angle of 45° (Given p=1.33). 


Solution: Given 
Wavelength (A) = 5896 A = 5896 x107!°m 
Angle of incidence (i) = 45° 
Refractive index of soap film (1) =1.33 


Formula: Calculation of angle of refraction (r) 
We have Snell’s law, 


sini 
~ Sinr 
sini sin45° 
sinr = =Tq9907 0.5316 
r=32°11' 
cos r = 0.8470 
Condition for n™ order bright fringe is given by, 
2pteos r= (2n+1)A/2 NSO) 1253. ete. 
a ny 
4ucosr 


The minimum thickness of soap film can be calculated by putting n=1 andt=4,,, 


t= 5896 x 10-10 
min 4ucosr 4 X 1.33 x 0.8470 


tmin = 1.308 x 10-7 = 1308 x 10-2°m 
The minimum thickness of the soap film (tmin) = 1308 A 
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31. In costume jewelry, rhinestones (made of glass with p =1.5) are often coated with 
silicon monoxide (1 = 2) to make them more reflective. How thick should the coating 
be to achieve strong reflections for 560 nm light incident normally? 


Solution: Given 
Refractive index of coated film (1) =2 
Wavelength of the light (2.) = 560 nm = 560 x10°m 
Formula: Condition for destructive interference is given by, 
2ytcos r= (2n+1)A/2 


The minimum thickness of coated film can be calculated by putting n = 1, t = tmin and for 
normal incidence cos r =1 


2puptmin X 1 = 2 
_ 2k 560x107? 
tmin “que 4x2 
=70 x10°n 


The thickness of coated film (tmin) = 70 nm 


32. Newton’s rings are observed in reflected light of wavelength 5 = 10° cm. the 
diameter of 10" dark ring is 0.5 cm. Calculate radius of curvature R and thickness 
of film of that ring. 


Solution: Given 
Wavelength of the light (A) = 5 x10° cm 
Diameter of 10" dark ring (Djo) = 0.5 cm 


Order of dark ring (n) =10 
Formula: Diameter of n" order dark ring is given by, 


D2 = 4nRA 
Calculation of radius of curvature 
Dhaai 
4nd 4x10x5x 1075 
Radius of curvature (R) = 125 cm 
Calculation of thickness of thin air film (t) 
The thickness of air film is given by, 
af Th = (0.25)? 
2R  2x125 
Thickness of thin air film (t) = 2.5 x10“ m 


=2.5x 1074 
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33. Newton’s ring experiment the diameter of 10" dark ring changes from 1.4 cm to 
1.27 cm, when a liquid is introduced between the lens and the glass plate. Calculate 
refractive index of the liquid. 


Solution: Given 
Diameter of 10" dark ring for air medium = Djy = 1.4 cm 
Diameter of 10" dark ring for liquid medium (D’ 19) = 1.27 cm 


Formula: The diameter n" order dark ring is given by, 


pg = 
yu 
For air film, the diameter 10" order dark ting is given by, 
Gi 4nRA 
Mm 
DZ = 4nRA (Haie=1) qd) 
For liquid film, let Dj) be diameter of 10" order dark ring & given by 
Dig = 2) 
Lu 
Divide equation (1) by (2) 
Dip _ (1.4)? 


=—ts =121 
PT DL? 27 


Refractive index of the liquid (u) = 1.21 


SHORT ANSWER TYPE QUESTIONS 
1. What is meant by optics? Define the term - interference of light. 
2. Define the terms- constructive and destructive interference of light. 
3. Distinguish between division of wave front and division of amplitude. 
4. What are the conditions to obtain sustained interference pattern of light, 
5 


. Explain the phenomenon of interference of light. What are the necessary conditions to 
get clear and distinct interference fringes? 


. What do you mean by thin and thick films? 
. Explain why we see beautiful colors in thin film when it is exposed to sunlight. 


. How wedge shaped air film is formed? 


Oo on Dn 


. What will be the fringe pattern if wedge shaped air film is illuminated with white light? 


10. 
11. 


NDA wn fs 
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Why Newton’s rings are circular? 


Why does the fringe width decrease as order increases in Newton’s rings but remain 
constant in a wedge shaped film? 


. Explain why in Newton’s rings the rings get closer as we move away from the centre of 


the pattern. 


. Explain why Newton’s rings are unequally spaced. 


. Explain why the system of Newton’s rings observed by transmitted light is 


complimentary to that observed by reflected light. 


. Explain why thin film interference pattern for wedge shaped air film is parallel where as 


for Newton’s ring it is circular. 


. What happen when a liquid is introduced between the plano-convex lens and plane glass 


plate in Newton’s rings experiment? 


. What is meant by anti-reflection coating? 
. Why surface of lens is coated with thin transparent film? 
. What is role of refractive index of the material in the antireflection coating? 


. Explain concept of highly reflecting films. 


DESCRIPTIVE ANSWER TYPE QUESTIONS 


. What is thin film? Obtain expression for the optical path difference in thin transparent 


film of uniform thickness due to reflected light. 


. What do you understand by the production of interference by division of amplitude 


method? Obtain the condition for maxima and minima of the light reflected from a thin 
transparent film of uniform thickness. 


. What thin film? Obtain an expression for fringe width in interference pattern of wedge 


shaped film. 


. Obtain expression for fringe width in wedge shaped air film. 
. Explain how to calculate thickness of thin wire using wedge shaped air film. 
. Explain formation of Newton’s rings in reflected light. 


. Explain in short:- What will be the Newton’s rings pattern like, if the 


(a) Monochromatic light is replaced by white light? 
(b) When plano-convex lens of larger radius of curvature (R) is used? 


(c) When a transparent liquid (11) is placed between plano-convex lens (j1;) and the 
glass plate (12) such that p< p< po 
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How Newton’s rings are obtained in the laboratory? Why do we get circular rings? 
Show that the radii of Newton’s n" dark rings are proportional to square root of natural 
number. 


. Prove that in Newton’s rings in reflected light the radii of n* order dark rings are 


proportional to square root of natural number. 


, Prove that in Newton’s rings in reflected light the radii of n" order bright rings are 
proportional to square root of odd natural number. 


. Explain how Newton’s ring experiment is used to determine the wavelength of sodium 
light. Why the centre of interference pattern is dark and how can we get bright centre. 


, Explain how Newton’s ring experiment is used to determine the refractive index of the 
liquid. 
. Discuss the testing of optical flatness of plane glass plate using interference of light. 


, What do you understand by antireflection coating? Discuss the conditions required for a 
thin film to act as antireflection coating, 


, Write short note on ‘Testing of lens surface’, 


, Explain phenomenon of highly reflecting films, 


co AE TES A, 


Electrodynamics 


Scalar and Vector field, Physical significance of gradient, curl and divergence in Cartesian co- 
ordinate system, Gauss’s law for electrostatics, Gauss’s law for magnetostatics, Faraday’s 
Law and Ampere’s circuital law. 


4.1 INTRODUCTION 


The branch of physics that deals with the study of charges at rest and in motion is named as 
Electromagnetics which further is divided into Electrostatics (studies charges at rest — no time 
variation), Magneto-statics (study of charges in steady motion — no time variation), and 
Electrodynamics (study of charges in time varying motion that gives rise to waves that 
propagate and carry energy and information). Thus Electrodynamics = electromagnetic + optic. 


The subject of electrodynamics is classified in to classical electrodynamics and quantum 
electrodynamics. The effects such as magnetism, electromagnetic radiation, and electromagnetic 
induction resulting due to moving charges forms what is often called classical electrodynamics. 


The practical applications of these effects includes home appliances such as electric fan, table 
clock, microwave oven, door bell; a magnetic card reader in the door of bank’s safe locker; 
loudspeakers; electromagnetic lifting cranes; magnetic levitation trains; electric generator, 
electric motor; memory storage devices in computers; telephone and mobile communication; 
cyclotron used to accelerate charged particles etc. It is the electrodynamics of macroscopic 
phenomena and was first systematically explained by the physicist James Clerk Maxwell, 


Classical electrodynamics permeates into microscopic phenomenon. In 20" century physicists 
P. A. M. Dirac, W. Heisenberg, and W. Pauli contributed in formulation of quantum theory to 
explain the interaction of electromagnetic radiation with matter. This is known as quantum 
electrodynamics. 


4.2 VECTOR ANALYSIS 


In physics, some physical quantities are represented mathematically. Some concepts such as 
temperature, mass, distance etc, are characterized by magnitude only and algebraic sign. They 
are called scalars. Some concepts, for example, displacement, velocity, force, have size or 
magnitude, and also they have associated with them the idea of direction, Such quantities are 
called vectors. Both scalar and vector quantities are function of time and position. 


108 | Applied Physics 


Graphically a vector is represented by an arrow OP defining the direction and length of the 
arrow indicates its magnitude Fig. 4.1, 

Analytically, in printed work it is represented by a letter with an arrow over it, as Kora bold 
face type such as A Fig, 4.1 and its magnitude is denoted by [A | or A. Please note that the 
same notations for vectors and its direction will be followed for the complete chapter. 


a P 
A 


0 
Fig. 4.1 Representation of Vector 


In electromagnetic theory we often use the concept of a field. A field is a function that 
specifies a particular quantity to every point in a region. The field may be a vector or a scalar 
field that depends on the nature of the quantity under consideration. 


For example, the electric potential in a region is a scalar field whereas electric or magnetic 
fields at any point are vector fields. The difference between a vector and a vector field is that 
the former is one single vector while the latter is a distribution of vectors in space and 
time. The vector field exists in all points of space and at any moment of time. 

To understand various aspects of electrodynamics some mathematical operations on a scalar 
quantity as well as on a vector quantity are necessary. Since scalar quantities can be 
represented by a number alone with appropriate units, mathematical operations such as 
addition, subtraction, multiplication etc. can be done with simple arithmetic. 

But, when doing any mathematical operations on a vector quantity one has to consider both 
the magnitude (size) and the direction. Thus vector analysis (a mathematical shorthand tool) 
is necessary to best understand and conveniently express electromagnetic concepts. Let us 
revise the two common operations involving vectors: the dot product and the cross product. 


4.3 Dot Propuct 


Multiplying two vectors sometimes gives a scalar quantity. This is called scalar or dot 
product or inner product. The dot product A-B of the vectors A and B is defined as the 
product of the magnitude of the vectors A and B with the cosine of the angle 6 between the 
two vectors: 

A-B = ABcos6 4.1) 
where A = |A| and B = |B| represent the magnitude of A and B respectively as in Fig. 4.2. 


A 


k— Beos) —} 
Fig. 4.2 Representation of dot product 


soma tame 
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The dot product can be positive, zero, or negative, depending on the value of cosd. The result 
of A: B is always a scalar quantity. 
Vector B has been split into two components, one parallel to vector A and one perpendicular 
to vector A. Notice that the component parallel to vector Abas a magnitude of B cos@. 
Therefore when we find the dot product, the result is: 
(a) The magnitude of one vector, in this case A and, 


(b) The magnitude of the second vector’s component that runs parallel to the first vector. 
(That is where the cosine comes from) 


If vectors A and B in three dimensions are as: 
K=A,i+AJ+A,k 
and 
B=B,i+B,j)+B,k 
where, A,and B, are the x-components, A, and B, are the y-components, and A. and B. are the 
z-components, then, 
A.B = A,B, + AyB, + A,B, [= t-t= j-J=k-k=1:t-p=j-k=k-1=0] 
Example: Let A = (i+2j7-3k) and B=B,t+8,j+B,k 


Therefore A “dot” B is, 

(i+ 27 - 3k) - (28+ 27-&) = 12) +2 +(-3-D =9 
The answer is just a number i.e. magnitude only. 
Use of dot product in physics to calculate work done 


Consider a situation where a constant force F (in Newtons, N) is applied to a body on a 
frictionless surface that causes its displacement § (in meters). The applied force increases the 
speed of the object. But which part of F really causes the object to increase in speed? It is 
IF| cos @ as it is parallel to the displacement §. Here, @ is the angle between F and 3. 


Applying dot product, one gets (|F|cosé|s{) which happens to be defined as mechanical 
work. Work is a type of energy and energy does not have a direction. In other words, work is a 
Scalar or in this case a scalar product (i.e. dot product). 
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Thus, mathematically, the scalar product of force vector F and displacement vector $ ig 


W =F-8 =|F|ls|cos® 
Similarly, in electromagnetics, dot product is used to calculate: 
(a) Electric potential between two points in an electric field, 
(b) Magnetic flux which is the dot product of the magnetic field and the vector area. 
(c) Total charge enclosed by a surface placed in an electric field. 
4.4 Cross Propuct 


Multiplying two vectors sometimes gives a vector quantity. This is called cross or vector 
product. This vector multiplication operation is usually used only for three dimensional vectors, 
Thus when we take the cross product of two vectors A and B we get back another vector C as, 


C=A xB (4) 
The magnitude of vector C’ is, 
C = ABsinO (4.3) 


where 0 is the angle separating vectors A and B, as shown in Fig. 4.4. 


Fig. 4.4 Representation of vector cross product and right hand rule 


The magnitude of C’, which is ABsind is equal to the area of the parallelogram formed byA 
and B. The direction of the vector C is perpendicular to the plane formed by vectors A and 5, 
The best way to determine this direction is to use the right-hand rule. If you curl the fingers of 


your right hand from vector A toward vector B, then the thumb of your right hand points in the 
direction of C. 
Use of cross product in physics to find the torque t 


Torque is the measure of how much force acting on an object will cause that object to rotate 
about its axis. It is the cross product of a force vector with the position vector to its point of 


application. In the following Fig. 4.5, a force F acts at a point P and f is the vector from the 
point S$ to a point P. The angle between the vectors i and F is 0. F causes a torque that 
rotates the object about an axis perpendicular to both ¢ and F. 


Magnitude 
The magnitude of the torque T about Sis, 


T=EXP=rF, =rFsing 
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The unit of torque is N-m. 


Direction: Torque 7 is a vector in the direction of the axis of rotation and represented 
(by Fig. 4.5). 


Fig.4.5 
Similarly, in electromagnetics, cross product is used to calculate: 
(a) Force experienced by current carrying conductor placed in a magnetic field. 
(b) The magnetic force exerted on a charge moving in a magnetic field. 


4.5 CO-ORDINATE SYSTEMS 


In electromagnetics there are many problems where we need to use different coordinate 
systems to describe different vector quantities in the three dimensional space. In three 
dimensions, the coordinate system can be specified by the intersection of three surfaces. The 
three coordinate surfaces may be planar or curved. 


Following are the three most commonly used right handed orthogonal (three surfaces are 
perpendicular to each other) coordinate systems: 


1. Cartesian or rectangular coordinate system 
2. Cylindrical or circular coordinate system 
3. Spherical or polar coordinate system 


A particular coordinate system can be employed for particular problem. For example, if the 
geometry of the problem is cylindrical such as a wire or a cable or a cylindrical capacitor, a 
cylindrical coordinate system may make calculations very simple. Similarly, a problem such 
as electric potential of sphere can be studied using spherical coordinate system. 


4.5.1 CARTESIAN COORDINATE SYSTEM 


In the Cartesian coordinate system all of the three surfaces are planes. The three coordinate 
axes x, y, and z are mutually at right angles to each other. 


Fig. 4.6 Cartesian Coordinate System 
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In this coordinate system a point P in space is represented by an order trip le (x, Ys 2) pee we 
respectively the distances from origin to the intersection of a perpendicular dropped from the 
point P to the x, », and = axes as in Fig. 4.6. 


The coordinates x, wand = can be positive or negative. 


Following Fig.3.7 shows points P(1, 2, 3), Q (2, -2,1) and R (3,-1,3). 
Z 


Vector Field E 
Fig. 4.3 Line Integral 


It is the integral (the infinite sum) of the tangential component of a vector field E along a 
curve C. The concept of line integral is used to caleulatz the electric potential for a given 
| electric field intensity or to calculate the work done on an object in a force field. 


4.6.2 SURFACE INTEGRAL 

Given a vector field A continuous i in a smooth surface S, the surface integral is the flux of A 

| through S. It is given by SSA ds where ds is the differential surface area Fig. 4.9. The 
concept of surface integral is used to calculate the current density over a surface. 


4.6 VECTOR INTEGRATION | 


There are three types of integrals concerning vector quantities which are useful in deriving 
vector operations and in gaining an understanding of electromagnetic fields. They are listed in 


Table 4.1. 
Table 4.1 Integrals of vector fields and volume charge density 
1 Line integral of a vector field E along a prescribed path from. Di al 
the location a to the location b. | Ee 5. Surface S 
| Fig. 4.9 Surface Integral 


2 Surface integral of a vector field A through a surface S. I A.ds | 4.6.3 VOLUME INTEGRAL 


Volume integral of a scalar quantity such as a volume charge density p, over the volume V is 


s 
3 Volume integral of a density p, over the volume V. ff Py-dv given by fff, py .dv. The concept of volume integral is used to calculate total charge or mass 
Vv. of an object in a volume provided the volume charge density or mass density is known. 


4.7 VECTOR DIFFERENTIATION 
ges In addition to vector integration, there are also differential operations used in electromagneti 
Line integral 4 E. dl is the dot product of a vector with a specified path C Fig. 4.8. theory. To understand vector differentiation W. R. Hamilton introduced the vector differentie 
Operator V called Del or nabla. 


4.6.1 LINE INTEGRAL 
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4.7.1 DEL OPERATOR 
The vector differential operator Del (V) iin Caviesitan coordinates is defined as 


V=iZ+j5+ ke (4A) 


Del or nabla (V) is only a vector operator. [t is mot 2 vector quantity. Jt plays an important role 
in vector calculus. It operates on a scalar fimuctiion to create a vector. The three possible vector 
operations of V in Cartesian coordinates ave giwen in Table 4.2. 


Table 42 Ditierentie] operations 


| 1 | Gradient of a scalar function 
2 | Divergence of a vector field 


3 | Curl of a vector field 


4.7.2 GRADIENT 


The word gradient refers to a gradual chamge im a quantity with respect to distance (space) Le. 
rate of change of a function or derivative of a fimoction. While rate of change (derivative) is 2 
prominent term in two dimensional system like y= f(x) in multi variable calculus or im 
higher dimension this same rate of chamge is called as gradient in vector form. A potential 
gradient is the local rate of change of potemizll with respect to displacement. 


By definition of gradient, the Del operstar, 


ae ee ae 
“ita a 


operates on a scalar function, f( x,y,Z) to produce a gradient vector, 
= vp =(Sz 427 Hz 

grad(f) = Pf = e +5742 k) (4.5) 
The gradient is the vector whose magnitude as the maximum rate of change of the function at 
the point of the gradient and which is potstad im the direction of that maximum rate of change. 
If, electric potential V is a scalar quantity then gradV or VV represents the potential gradient 
or electric field strength. 
4.7.3 DIVERGENCE 


The divergence of a vector field is 2 measure of how much the vector diverges or r converges 
from that point. It is a scalar product of the vector operator V and a vector field A. This dot 
product gives a scalar. It is called divergence of A and denoted as div A or V.A. 


If A is a vector, in Cartesian co-ordinates divengence is computed as 
oy oz 


A positive divergence (outward ide agli the presence of a source in the given volume 
and negative divergence (inward flow’) meams a sink or drain. 


A= + (4.6) 
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Fig. 4.10 (a) Positive Divergence Fig. 4.10 (b) Negative Divergence 
4.7.4 CURL 


The cross product of the vector operator del V and a vector function F gives a vector. It is 


called as curl of F and denoted as curl F or curl F = V x F. The curl (or rotor) is a vector 
operator that describes how much the vector field curls (or rotates) around the point as shown 
in Fig. 4.11 
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Fig. 4.11 


curl of a vector field is defined as the vector field having magnitude equal to the 

imum circulation at each point and orientation perpendicular to the plane of circulation. 
e direction of the curl is determined by the Right Hand Rule ice. if the fingers of right hand 
are curled in the direction of the vector field then thumb will point in the direction of curl F. 


In Cartesian coordinates if i, j, k are unit vectors in the x, y, z directions then curl of electrical 
field E is given by, 


vx B= (Fe -S2) i+ (Fe —S) j 4 (Ge- 2) x (4.7) 
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Curl E expressed in Cartesian co-ordinates determinant form is as follows: 


i> fo le 

= 19 @ 4 
VXE= cs iz 
Ey, Ey Ez 


The first line is made up of unit vectors, the second line of scalar operators, and the third line 
of scalar functions. 


4.8 Gauss LAW 


In electrostatics, Coulomb law is sufficient to calculate electric fields for any static 
arrangements of charges and is considered a fundamental law for electrostatics. However, 
Gauss law presents a simpler way to calculate electric fields in situations with a high degree of 
symmetry. Fig. 4.12 shows an electric field that is uniform in both magnitude and direction. 
The lines penetrate a rectangular surface of area A which is perpendicular to the field. 


my 


Fig. 4.12 Field lines penetrating a plane perpendicular to the field 


The electric flux ©; through the surface is the dot product of the two vectors i.e. electric field 
and the area vector. This is nothing but the product of magnitude of the electric field E and 
surface area A parallel to the field and is given by 


®;=E-A=EA (+ Eand A are parallel to each other, i.e.6 = 0°) (4.8) 


2 
The SI unit of electric flux O; is “ 


Fig. 4.13 Field lines penetrating a plane that is at an angle 0 to the field 
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In case of a surface, as seen in the Fig. 4.13 is not perpendicular but makes some angle 0 to 
the electric field and the flux through it is given by, 


©, =E-A= EAcos0 (4.9) 


The flux through the surface of fixed area 4 has a maximum value EA when the surface is 
perpendicular to the field. It is less if the electric field lines are at angle @ with the surface, and 
is zero when the surface is parallel to the field. 


It is interesting to evaluate the flux through a closed surface which is defined as one that 


divides space into an inside and an outside region. For example, the surface of a sphere is a 
closed surface. 


Fig. 4.14 


Imagine that a positive point charge Q is situated at the center of a sphere of radius r as shown 


in Fig. 4.15. 
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Fig. 4.15 A charge at the center of a spherical Gaussian surface 


< vitegy 


Gaussian 
surface 


The electric field due to the charge Q is E = (4) T. 


Amer? 
where €p is the permittivity of free space and F is the unit vector. 


This field points in the radial direction. The imaginary sphere of radius r that encloses the 
charge is called the Gaussian surface. 
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A small surface on the sphere is shown in Fig. 4.16. 


x 
Fig. 4.16 A small area element on the surface of a sphere of radius r 


Using spherical coordinates, a small surface area element on the sphere is given by, 


dA =r? sin@ do dot (4.10) 
The net electric flux through the small area element is 
on Se a 1 Q Q. 
dO, =E-dA=EdA = ( 2) (7? sin@ dad@ ) = Fay sin 6 dodg (4.11) 
And the total electric flux through the sphere (surface area A = 47tr?) is 
ae 1 Q Q 
0;= ‘dA= SEAS (a= 2a 5 
" fz dA Bg aA EA (ies <) 4 
2 O, =§E-dA =< (4.12) 
0 


Eqn. 4.12 is the Gauss law for electricity which states that the total electric flux through a 
. . hs ri 
closed surface enclosing a charge is equal to ;, times the magnitude of the charged enclosed. 
0 


4.9 GAUSS LAW FOR MAGNETISM 


An insulating rod having equal quantities of positive and negative charge placed on opposite 
ends can be cited as an example of electric dipole. On the other hand, a bar magnet with a 
north pole at one end and a south pole at the other end is an example of magnetic dipole. 
However, there is a main difference between electric and magnetic dipoles. 


An electric dipole can be separated into its constituent single charges (or poles) but a magnetic 
dipole cannot. Each time we try to divide a magnetic dipole into separate north and south 
poles, we create a new pair of poles even down to the level of individual atoms. Each atom 
acts like a magnetic dipole having a north and a south pole and emerges to be the smallest 
fundamental unit of magnetic structure. 
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There is a Gauss Law for the electric field and for the magnetic field as well. In case of 
electric field if a Gaussian surface encloses a net charge Q, the electric flux of the 
electric field is given by Gauss law as, 


0, =§8-dk =2 


i) 


Similarly, Gaussian surfaces can be constructed for the magnetic field as shown in Fig. 4.17 


(a) & (b). 
; ats ‘Gaussian 
ALR a 


* Surfaces 


Fig. 4.17 (a) and (b) Gaussian Surface 


The Gaussian surfaces, even those that cut through the bar magnet do not enclose net 
magnetic charge because every cut through the magnet gives a piece having both north and 
South Pole. 


Therefore the magnetic form of Gauss law is written as, 
®, = §B-dA = 0 (4.13) 


Eqn. 4.13 states that the net flux of the magnetic field through any closed surface is zero. 
This is to say there is no such thing as a magnetic charge or in other words there is no such 
thing as a magnetic monopole. 


4.10 STOKES' THEOREM 


Stokes' Theorem equates a closed-line integral to a surface integral. It states that the 
circulation of a vector field F around a closed path C is equal to the integral of V x F over 
the surface S bounded by this path. It may be noted that this equality holds provided F and 
V x F are continuous on the surface. 


$F di= f.(vxF)-dA (4.14) 
where dl is the length element of C tangent to C and dA isa directed area element normal to S. 


The direction of dA is coordinated with that of dl by the right-hand rule (with the fingers 


curling in the direction of dl, the thumb points in the direction of dA). The circle on the 
integral signifies that the integral is computed for a closed curve C i.e. a loop. 


120 | Applied Physics 


However, the surface integral is over an open surface S whose boundary curve is C as seen in 
Fig. 4.18. 


Closed Contour (line) c 
Fig. 4.18 Geometry of Stoke’s Theorem 
4.11 DIVERGENCE THEOREM 


The volume integral of the divergence of a vector field F taken over any volume V is equal to 
the surface integral of F taken over the surface enclosing the volume V i.e. 


JV -F)-dv = gF-dA (4.15) 


The divergence theorem is used to convert a volume integral to a surface integral and vise 
versa 


4,12 FARADAY’S LAW OF INDUCTION 


Faraday’s Law of induction is a basic law of electromagnetism predicting how a magnetic 
field will interact with an electric circuit to produce an electromotive force - a phenomenon 
called electromagnetic induction. It is the fundamental operating principle of transformers, 
inductors, and many types of electrical motors, generators and solenoids. 


Fig. 4.19 shows edge view of a loop in a magnetic field that is uniform in both magnitude and 
direction. 


Fig. 4.19 (a) Field lines are perpendicular (b) at some angle @ and (c) parallel to plane of the loop 
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The magnetic flux is proportional to both the strength of the magnetic field B passing through 
the plane of a loop of wire and the area of the loop A. It is defined as 


®; = BAcos@ (4.16) 
where § is the angle between B and the plane of the loop. 


The flux ®, through the surface of fixed area 4 has a maximum value BA when the surface is 
perpendicular to the field. It is less if the magnetic field lines are at angle @ with the surface 
2nd is zero when the surface is parallel to the field. If either the magnet or the loop of the 
conducting wire is moved an electromotive force is induced in the circuit. In terms of the 
magnetic flux, the em/ induced in the circuit is given by Faraday’s law of induction as: The 
magnitude of the induced emf in a closed circuit is equal to the negative of the time rate of 
change of the magnetic flux enclosed by the circuit. 


In mathematical terms, e=- 8 (4.17) 
The changing magnetic field induces electric field E in the conductor. This electric field 
causes the charge g going around the loop. The line integral of E around a closed path 


represents the work done by induced electric field E per unit charge. This line integral is equal 
to the induced emf € . 


Thus, fEdl=€ (4.18) 
Hence the Faraday’s law can be restated as 

gE.ai =- C2 (4.19) 
4.13 AMPERE’S LAW 


Ampere’s law is formulated in terms of the line integral of magnetic field B around a closed 
path, denoted by 


§B- dl = pol (4.20) 
Eqn.4.20 states that for any closed loop path the line integral of magnetic field is equal to the 
permeability times the electric current enclosed in the loop. 


Let us imagine an arbitrary closed curve called an Amperion loop as shown in Fig. 4.20. This 
figure shows three wires carrying current. The direction of current can be established using 
right hand rule which reads as: if you curl the fingers of your right hand around the integration 
path then your thumb points in the direction of positive current. 


Arbitrary closed jj 
curve around 
conductors 


Fig. 4.20 Amperian loop 
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The magnetic field B at any point is the net effect of the currents in all wires. The current J in 
Eqn. 4.20 is the total current enclosed by the loop i.e. it is the total current carried by wires 
that penetrate any surface bounded by the loop. Thus the net current here is ! = 1, — Iz + 13. 


The left hand side of the Eqn. 4.20 indicates that the curve be divided into small segments of 
length di. As we move around the loop, we evaluate the quantity B+ di and integrate all such 
quantities around the loop. If @ be the angle between di and B the line integral can be written ag 


§B-di = §B dl cosd. 
.. Ampere’s law for the situation shown in Fig. 3.26 can be written as 

§B-dl = $B dl cos = pig(y — Ip +13) (4.21) 
4.13.1 AMPERE'S LAW WITH MAXWELL'S ADDITION 


Maxwell noticed a logical mistake in Ampere’s law that this law could be applied only to 
Static situations involving steady currents. Accordingly he added another source term that is a 
changing electric flux which extended the applicability of Ampere’s law to time-dependent 
situations. To see the fault with Ampere’s law consider a circuit with a circular parallel plate 
capacitor. 


A current J that carry positive charge enters a left hand plate and equal amount of current I 
leaves the right hand plate. Therefore when capacitor becomes charged, the left plate becomes 
positively charged and the right plate negatively charged as shown in the Fig.4.21. 


Let the Amperian loop encloses the entire left-hand capacitor plate. Therefore the left side of 
the Ampere’s law gives the same result. However, the right side gives a very different result- 
namely zero- because no conducting wire pass through the surface. Thus Ampere’s law 
appears violated. Maxwell recognized this problem. 

Amperian 
MO 


Fig, 4.21 Charging up a capacitor 


Maxwell offered the following solution to this problem: The capacitor plates have a charge 
density ¢ =Q/A where Q is the charge on the capacitor and A the area of the plates. The 
charge density on the conducting surface produces an electric field of strength E = o/€o- 
Thus the electric field E between the plates of the capacitor is related to the charge O on the 
plates by 

Bala or Q=e)FA= 60; (4.22) 


€  €A 
where ®z is the flux of electric field between the plates. 


The current flowing into the capacitor plates is called displacement current Jp which is 
related to the charge Q by 


dQ d d®, 
Ip = = 0g; (EA) = €0-* (4.23) 
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As a result, Maxwell suggested that Ampere’s law be corrected to read 
$B- dl = pol + poe = (4.24) 


Eqn.4.24 suggests that magnetic field is produced by (a) current through the Amperion 
surface and (6) displacement current caused due to changing electric flux. It is because this 


do ‘ ; : : 
added source term [p€o ons , Maxwell’s name is associated with the whole set of equations. 
4.14 MAXWELL’s EQUATIONS 


James Clerk Maxwell developed the concept of displacement current and accordingly 
modified the Ampere’s law and knowing their importance put together the four equations i.e. 
Gauss law for electrostatics, Gauss law for magnetostatics, Faraday law and Ampere law in a 
single package. This package of four equations is known as Maxwell’s equations. 


Maxwell’s Equations explain a diverse range of phenomena, from why a compass needle 
points north, to why a car starts when you turn the ignition key. They are the basis for the 
functioning of such electromagnetic devices as electric motors, cyclotrons, TV transmitters 
and receivers, telephones, fax machines, radar and microwave ovens. 


An electromagnetic wave is shown in Fig. 4.22. 


Electric field 
A a oy 


Direction of 
propagation 


Fig. 3.22 Electromagnetic wave 


Table 4.3 General Form of Maxwell’s Equations 


Law Integral Form Differential Form 


Gauss Law 


Gauss Law for Magnetism 
Faraday’s law 


Ampere’s law 


ks 
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4.14.1 MAXWELL’s EQUATIONS IN EMPTY SPACE (NO CHARGE OR CURRENT) 

Let us consider free space as a medium in which electric and magnetic fields are present. 
Since in empty space there are no charges, so the fluxes of E and B through any closed surface 
are equal to zero. Also, free space is a non conducting medium, so the line integrals of E and 
B around any closed path are related to the rate of change of flux of the other field. 


Maxwell’s Equations in empty space are as given below. 


Table 4.4 


Differential Form 


Integral Form 


fi-dk=0 Woe 
pE-dk = 0 
= 4 ad, 
fi. di=-S2 


4.14.2 MAXWELL’s EQUATIONS FOR GOOD CONDUCTOR MEDIUM 


It is clear that the conductivity of good conductor is very high. Therefore the conduction current 
density Jis very high. Maxwell’s Equations for a good conductor medium are as given below: 


Table 4.5 


Integral Form Differential Form 
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SOLVED PROBLEMS 


Example 1: Find the angle between the vectors 4 = 31+ 4j and b = 6 — 3j + 2k. 
Formula: 4+ b = abcos6 
Solution: Given d = a,f + aof + a3k = 3¢+ 4j + 0k = a, = 3,4) = 4,0, =0 
b = byt + bof + bgk = 61 + 37 + 2k = by = 6, by = -3,b; = 2. 
a+b = a,b, + ab, + ashy = (3)(6) + (4)(—3) + (0)(2) = 18-12 +0=6 
la] = V@)? + (@? + OF =5 
[5| = (Cae + OF = VB =7 
ab 6 6 


\al[b| G)@) 35 
«8 = cos“ (5) = 80°9' 
Example 2: Find the value of ‘a’ for which the vectors 31+ 2j + 9k and 7+ aj+3k are 
perpendicular. 
Formula: A -B = ABcos0 
Solution: Vectors are perpendicular if their dot product is zero, i.e., 9 = 90°, so cos90 = 0 
A= 31+ 27+ 9k 
B=it+ajf+3k 
So, (3)(1) + (2)(a) + (9)(3) = 0 
=>2a+30=0 
=a=-15 
Example 3: Given A = xy 7+ (x—y)k, find) VA & (ii) VX A. 
Solution: A = x*y7+(x—y)k 


2 = x?y, Ay = 0, A, = (x-y) 
« be..6. 48 Shy Sana sae 
ey VA= (1 +ig +k a): (Ait Ayit A,k) 
_ Oy Oly Oy 
~ @x Oy Oz 
 d(x?y) a0) , Ia-y) 
VAS Tee. inihh 
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V-A=2xy 
ae een: 
eesti ce = 
Oe ax oy 0z 
x?y 0. (xy) 
.(ax—-y) 9(0)\ , (ay) a%—y)\ , (2) _ 9%?) 
=1 -—)]+j(|——" - — |] +k eo caer 
dy 0z dz Ox Ox ly 


=i(-1) + j(-1) - kx? 
vxd=-i-j-xk 


Example 4: Constant forces P = 2¢—5j+ 6k and Q@ = -1+ 2j- k acts on a particle. 
Determine the work done when particle i is displaced from A to B, the position vectors of A 


and B being 41 -37 -2k and ot + j' -3K respectively. 

Solution: Total force = (27 — 57+ 6k) +(-?+27-) 
= 1-37+5K 

Displacement (AB) =B-A 
= (60 + j -3K) - (40 -37 -2K) = (20 + 4j-B) 

Work done = Force - Displacement 
= (0-37 + SK). (20+ 47k) =2-12-5=-15 
Work done = 15 


Example 5: Find unit vector perpendicular to both of vectors 


A =21-37+K, and B=7i-Sj+k 


i oj ok 
Solution: AxB=| 27 -37 & 
77-57 «OK 


=(-3+5)7-(42-7j+(-10+21)k 
=27+57+ 11k 
Unit vector of A x B = unit vector of 27 + 5p +k 
_2t+ 5p + ik 24+ 57+ 11k 
VQ? +52+112 44254121 
ar+5y +11k 
5v6 * 
Example 6: If @ = 3x?y — y3z?, find grad @ at the point (1, -2, -1). 


Unit vector of A x B = 


Solution: grad 6=V@ 


a) 
=(f—4+7— mate rp Wea A ees 
(43 +F) (ax2y y?z*) 


dy 
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a a +0 
PS Poiana ap BigBN ued ere ey) pai yer 
to xy ea ee yizt) + ka Gx2y — yez") 


= I(6xy) + j (3x? — 3y2z?) + k (-2y3z) 


grad @ at the point (1, -2, -1), 


= 16 ()(-2)) +7 [@))? - (B)(-27)(-1?)] + K-29) 


= - 121-9} - 16K 


Example 7: Find normal unit vector normal to the surface x? + 3y?+ 2z? = 6 at P( 2,0, 1). 


Solution: (i2 +7 S + k2) (x? + 3y24 22? = 6) 


= 2xi + 6yj+ 4zk 


Normal vector at (2, 0, 1) is47+4 k 
Unit vector at (2, 0, 1) is 


ait4k +k 
A242 


Example 8: Calculate curl of vector xyz? +3 x?yj + (xz? — y?2)k. 


2 ge papi, SUN I0 SGN 8 
Solution: Curl f=V xf = (1247 Z +z) xf 


7 
2 a 
Vxf=|]— 
f x 
XYZ 


4i+ 4k = 44+ 4k 


OG V8 


Qa 


ay 
3x*y 


[8 poe a Oe »)|-i]e 2_ yt) 2 
=i [G2 y?2z) 5 8 Y) iL Gz — y?z) =)| 


=i (-2yz) Fj (2-xy) + K (6xy-xz) 


Vx f = -2yz tt (xy-2°) J + (6xy-xz) K 


>[d a 
+8 [Gx -5 Con)] 
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SHORT ANSWER TYPE QUESTIONS 
Explain dot product of two vectors, What is its importance in the study of electrodynamics? 


Explain vector product of two vectors. What is its importance in the study of 
electrodynamics? 


What is divergence of vector field? 
What is curl of a vector? 

Illustrate Gauss’s law for electricity. 
Explain Faraday’s law of induction. 


State and explain Ampere’s law. 


Find the angle between the vectors @ = 3 — 27+ 3k and b=5i- 37 + 2k. 
If @ = 2x*y — y3z?, find grad @ at the point (2, -2, -1). 


. Write down Maxwell’s four general equations in point form. 


DESCRIPTIVE ANSWER TYPE QUESTIONS 
What is the physical significance of the electric flux through a closed surface? 
How does Gauss's Law relate to the conservation of electric charge? 
Why is the magnetic flux through a closed surface always zero? 
What is the implication of the absence of magnetic monopoles? 
What is the physical significance of the electromotive force (EMF) induced in a closed loop? 
What is the physical significance of the magnetic field generated by a current-carrying wire? 
Derive Gauss's Law from Coulomb's Law? 
How does Maxwell's Correction to Ampere's Law account for the displacement current? 


Can you think of a situation where all four Maxwell's equations are necessary to describe the 
electromagnetic phenomena? 


CHAPTER 5 @ 


Quantum Physics 


De Broglie hypothesis of matter waves; properties of matter waves; wave packet, phase 
velocity and group velocity; Wave function; Physical interpretation of wave function; 
Heisenberg uncertainty principle; non existence of electron in nucleus; Schrodinger’s time 
dependent wave equation; time independent wave equation; Particle trapped in one 
dimensional infinite potential well, Quantum Computing. 


2 
The fundamental equation of Newtonian mechanics, F = ma = mo states that once a force 


is acting on a particle of mass m moving with velocity v is specified, one can always predict 
the state of the particle for all times. Thus Newtonian mechanics enables one to predict 
correctly the linear momentum, kinetic energy, potential energy, total energy etc. of the solid 
body whose speed is much smaller than that of light (non-relativistic) and dimensions are 
much greater than atomic dimensions (macroscopic). 


The great triumphs for classical physics is that it has enabled us to send spacecrafts to Moon, 
Saturn, Mars and Jupiter but when objects of atomic or subatomic scale (microscopic domain) 


travel at speeds close to the speed of light (relativistic domain), Newtonian mechanics ceases 
to be valid. 


Classical Physics also fails to explain the black body radiation, photoelectric effect, and 
atomic and molecular spectra. Therefore, the new theory called Quantum Mechanics (Physics) 
was developed through the combined efforts of the brilliant minds of the 20" century. It is 
very interesting, weird, elegant and successful scientific theory that so far has given correct 
results of problems dealing with microscopic and macroscopic objects. Quantum mechanics 
makes use of wave picture to completely describe the behavior of a particle. It is the basis of 
our present understanding of all natural phenomena. 


Most of the modern technologies such as Computers, Smartphones, Ultra-precise clocks, GPS, 


Laser, Fiber optic communication, Quantum cryptography, Quantum currency depends on the 
understanding of quantum physics. 


5.1 WAVE - PARTICLE DUALITY OF RADIATION 


Around 1800, by performing an experiment of interference of light, Thomas Young proved 
that light is a wave. In 1873 Maxwell with his mathematical theory predicted that light is an 
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electromagnetic radiation and in 1887 Hertz’s wireless experiment confirmed Maxwell's 
result. 


The theoretical explanation of black body radiation on the basis of classical physics resulted in 
an equation which shows that the intensity of emitted light goes on increasing continuously, 
meaning that an object at any temperature (even if not completely black) radiates an infinite 
amount of energy. This makes no sense. 


In 1900 Max Planck accurately described the radiation by assuming that electro-magnetic 
radiation was emitted in discrete packets (or quanta) rather than a continuous wave. Each 
quantum has energy equal to the product of the Planck’s constant and the frequency of 
radiation (E = hd). The resulting calculation not only made sense but matched what was 
measured experimentally. 


In 1905 Einstein successfully explained photoelectric effect claiming that electro-magnetic 
_ tadiation is a series of particles called photons, each with energy hd. These photons collide 

with the electrons on the metal surface causing to emit them. This shed light on Planck’s 
relation (FE = h8) linking energy (E) and frequency (9) as arising from quantization of 
energy. The factor his known as the Planck’s constant. Thus when light shines through 
narrow slits, a look at the results suggests that it behaves as a wave but when it shines on a 
metal surface and examined the spray of electrons that comes off, light behaves as a particle. 
This behavior of light is referred to as wave-particle duality. 


Though light has been shown to exhibit dual properties of wave and particle-like behavior it is 
difficult to accept because fundamentally a wave and a particle are different in classical 
physics. A wave is characterized by amplitude, wavelength, phase etc. while a particle is 
specified by its mass, momentum and energy. 


Conceptually, a particle is considered to occupy a definite position in space at any instant of 
time, but a wave is necessarily extended over a relatively large region of space. However, this 
dual nature needs to accept for satisfactory explanation of all physical phenomena observed 
and quantitatively measured for electro-magnetic radiations. 


5.1.1 THE PHOTON 


Einstein was awarded the 1921 Noble prize in physics for his photon theory as applied to the 
photoelectric effect. A photon can be described with a few of its basic properties. 


. Photon travels with the speed of light like an electromagnetic wave. 


2. It has no rest mass because it can never be at rest, yet, it interacts with electrons as 
though it has the inertial mass m = = “ 

3. The energy it carries is related to the frequency of the electromagnetic wave by E = hd 

4. Its linear momentum is determined by p =* 


5. The angular momentum of a micro-particle such as photon is also known as spin and is 


h ? 
s=1 a 1h where hf is the unit of angular momentum. 
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6. Photon can be created or destroyed when radiation is emitted or absorbed. 
7. It can have particle like collision with other particles such as electron. 


8. It is electrically neutral and cannot be influenced by electrical and magnetic fields. 


5.2 WAVE PARTICLE DUALITY OF MATTER: DE-BROGLIE HYPOTHESIS 


To provide explanation to the phenomena such as interference, diffraction and polarization, 
light is considered to behave as wave whereas blackbody radiation, photoelectric effect, and 
Compton effects could be explained on the assumption that light is composed of particles 
called photons. Thus light or electromagnetic radiations are imagined to exhibit wave-particle 


duality. It may seem logically inconsistent but it works, and is the fundamental part of 
quantum theory. 


In 1924, Louis de-Broglie, a French theoretical physicist contributed substantially to the early 
development of the quantum theory by proposing that moving bodies have wave properties 
that complement their particle properties. His suggestion with no experimental evidence in 
support came partly from Bohr’s theory of hydrogen atom. 


The postulation that electron is supposed to follow only certain orbits around the nucleus 
made him think that electrons could not be considered simply as particles but periodicity 
must also be assigned to them. 


According to his hypothesis all material particles i.e. particles of non-zero rest mass such as 
electrons, protons, neutrons, atoms, molecules etc, have an associated wave with them which 
is called a matter wave or pilot wave or de-Broglie wave. 


The wavelength of matter wave is given by 
h 
A=—=- 5.1 
5 6.1) 


where m is the mass, v the velocity and p the momentum of the particle. 


The above equation of wavelength of matter wave can be derived using analogy of radiation 
as follows: 


The energy of a photon associated with an electromagnetic wave of frequency 9 is given on 
the basis of Planck’s theory by 


E=hd= ae (5.2) 
where A is the wavelength associated with the photon and c the velocity of electromagnetic 
wave in vacuum. 

Also, from Einstein’s energy-mass relation 

E = me? (5.3) 

From Eqns. (5.2) and (5.3) we get, 


ete asp echt (5.4) 
a mc2 mc 
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Thus the wavelength of photon is 


h 
= == 55, 
a (55) 


hh: 
mc 
It means that the wavelength of a photon is specified by its momentum p = mc. 
Now consider a material particle having mass m and moving with velocity v. 


The momentum p = mv ofa particle associated with the wavelength / is given by 


h h = 
=—=— (5.6) 
iv 6p 
5.2.1 DE-BROGLIE WAVELENGTH OF A PARTICLE IN TERMS OF KINETIC ENERGY 
The kinetic energy E of a moving particle is 
1 1m’v?_ p? 
Ppa AT alee. i 
Bag Tal ae am 
«. Momentum p = V2mE (5.7) 
Putting Eqn. (5.7) in (5.6), the de-Broglie wavelength of a material particle is 
h 
A= Tome (5.8) 


Eqn. (5.8) gives the wavelength of a matter wave in terms of kinetic energy. Thus this 
equation relates the wave property of a material particle with its kinetic energy which is a 
particle property. 


5.2.2 DE-BROGLIE WAVELENGTH OF AN ELECTRON WAVE 


Consider a case of an electron accelerated through a potential difference of V volts. Its kinetic 
energy is 


1 
qm’ =eV 


«: Momentum mv = V2meV (5.9) 


Hence, the wavelength of the electron wave is 
hook h 


p mv y2meV 


(5.10) 


Substituting the values of h, m, and e in Eqn. (5.10), we get 
6.63 x 10-34 

_ 12.28 x 10-10 12.28 

ire: see: 


“a " 
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5.3 DE-BROGLIE'S MODEL OF THE ATOM 


de-Brogtio’s hypothesis that a moving body behaved like a wave hid ne experinental 
evidence to corroborate, However, it received roapect il attention of welentifie eanimunity, He 
was able to show that his promise accounted (ie the postulate about quantization af sleetran 
angular momentum in Bohe's atomle model, 
According to Bobr's assumption, only those electron orbit are allowed (nm whieh angular 
momentum is an integral nvultiplo ot, Lo, 


wh 
nvr aS Whore n= hy dn (S11) 
Here, mv = p is the linear momentum of an electron in stationary noneradiating orbit of 
radius r, Thus Eqn. (8.11) can be written as 
mh F 
A prac 4, 
pr ase (4,12) 


According to de-Broglie concept, the wavelength assoolated with an election as moving 
particle is 


hook 
“mp 
h 
ny ze a 5 
psy (5,13) 
Putting Eqn, (5.13) in (5,12) we get, 
h nh 
> mee 
a an 
« 2nr=nda (5.14) 
where A is de Broglie wavelength and n #1, 2, 3,... 


Eqn. (5.14) shows that the circumference of the stationary non-radiating electron orbit is an 
integral multiple of de-Broglie wavelength which is also the property of standing waves. Hig. 
(5.1) shows the standing wave patterns of 1, 2, 3, and 4 wavelengths for Bohr's statlonary 
orbits, 


Constructive Interference Destructive Interference 
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Fig: 5.1Stationary electron wave patterns 
5.3.1 DE-BROGLIE WAVELENGTH OF AN ELECTRON ORBITING AROUND HYDROGEN NUCLEUS 


The velocity of electron orbiting the hydrogen atom is 
e 


v==———_—_—_ 
4€gmr 
Now, the de-Broglie wavelength is 
h 
1=— 
mv 
Putting for v in this equation we get 
h 
A= 7 


‘ ./ 4€ymr 


h_ {Are 
Pe eam 
e m 


The radius r of the electron orbit is 5.3 x 107! m. Putting this value of r and other constants 
in the above equation 


4 = £163 107*J,s |(41)(8.85 x 10°C?/N, m2)(5.3 x 107!m) 
~ 1,6 x107PC 9.1 x 107kg 


A= 33 x 107!4m = 3.3 x 107Mm 


=3.3A 
Now, the circumference of the electron orbit is 
nr = 2% 3.1453 x 10! m=33 x10" m, 
= 3,3 x 10719m 
=3.3A 
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Since the wavelength of the electron orbit is exactly same as the circumference of the electron 
orbit, the electron orbit in a hydrogen atom is one wavelength in circumference. Thus the 
concept of matter waves leads to Bohr's theory of hydrogen atom, 


5.4 EXPERIMENTAL VERIFICATION OF DE-BROGLIE THEORY 


The experimental confirmation of de-Broglie hypothesis of matter waves was made in 1927 
by Davisson and Germer in USA and by G.P. Thomson in England, In Davisson and Germer 
experiment, they produced the electron beam in an electron gun in which the electrons were 
accelerated to the desired energy of the order of 50 eV. This beam of electrons was incident 


perpendicularly on the (111) plane of a Nickel crystal placed in vacuum, A schematic view of 
the apparatus is as shown in Fig. 5.2(a). 


The Nickel crystal could be rotated about the axis of the incident beam. The incident electrons 


are scattered in all directions by atoms of the crystal. The detector which could be moved on 
an arc about the crystal receives the scattered electrons. 


When the intensity of the electrons was measured as a function of scattering angle, it was 
found that the variation of intensity of scattered beam was not continuous with the angle of 


scattering. Instead, when the accelerating voltage was set at 54 V, intensity maximum 
occurred at the scattering angle of 50°. 


Fig.5.2 (c) shows a typical polar graph of electron intensity. Had the intensity been the same 
at all scattering angles the curve would have been a circle centered on the point of scattering. 


This striking behavior of electrons was interpreted as superposition of electron waves to give 
maximum intensity. The situation is like diffraction of light from a reflection grating. The 
spacing d between the rows of atoms resembles the spacing between the slits in the optical 
grating. A simplified depiction of the nickel crystal employed in Davisson and Germer 
experiment is shown in Fig. 5.2(a). ; 
Normal to 
a Crystal Plane 


Collector 


e » Incident 


Diffracted 
Beam 


a 
Be ro ee. oe 


Pe “Plane - 1 
0---0--O- -O-- Atomic 
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Fig. 5.2 (a) Experimental Arrangement Fig. 5.2 (b) Scattering of electron beam 
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Electron Gun 


: i ~ Electron Scattering 
Z Uf Peak at 50° 


Nickel Crystal 


Fig. 5.2 (c) Polar Curve at 54V 


Fig. 5.2 Davisson and Germer Experiment 


In a typical experiment the data were as follows: The separation of atoms in the lattice d = 
0.91 x 107° m, potential difference V = 54 and intensity maximum was observed at angle @ = 


50°. 
Using Bragg’s condition, 
2d sinsin@ = na 
where n = 1, 2, 3,.....000 is the order of diffraction, we get for first order diffraction 


maximum (n = 1) 
A=2x 0.91 x (65°) = 1.65 x 10°-2m 


= 1.65 A° 
Now, using de-Broglie theory, the de-Broglie wavelength of an electron wave is, 
“Vamev OW ee 
= 167A 


Since this value is in very good agreement with that found from the Bragg’s equation for 
diffraction maximum, Davisson and Germer’s experiment have established the existence of 


de-Broglie wave. 
5.5 PROPERTIES OF MATTER WAVES 


(a) Larger the mass of the particle, smaller is the wavelength of the matter wave associated 
with it. 
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(b) Larger the particle velocity, smaller is the wavelength of the matter wave associated with 
it. 


(c) The velocity of the matter waves is not constant as that of the electromagnetic radiation. 
It depends on the particle velocity. 


(d) Matter waves are not electromagnetic waves. They are a new kind of waves. 


(c) They are pilot waves in the sense that their only function is to guide the material particle 


in motion. 
Pr fA 4 W004 


Fig: 5.3 de Broglie matter wave 
(f) These waves can travel faster than light. 


(g) Matter wave is not a physical phenomenon. It is rather a symbolic representation of what 
we know about the particle. It is a wave of probability. 


5.6 WAVE FUNCTION 


From the de-Broglie hypothesis of matter waves and subsequent confirmation of existence of 
matter wave from Davisson and Germer’s experiment on electron diffraction we know that a 


particle or body in motion can be viewed as a wave. However, the question remains: what is 
waving? 


A wave is defined as a disturbance in some physical system which is periodic in both space 
and time. And where there is wave, there is a wave function. In quantum mechanics the 
quantity whose variations make up matter waves is the wave function w (the Greek letter psi). 
Let us first try to understand the sound waves and light waves. 


In one dimension, a wave is generally represented in terms of a wave function. For example 
wp (x,t) = Acos (k x —w t) (5.15) 
where x represents position, t represents time, and A, k, w > 0. 


For example, if we are considering a sound wave then W (x, ¢) might correspond to the 
pressure perturbation associated with the wave at position x and time ¢. On the other hand, if 
we are considering a light wave then w (x, t) might represent the wave’s transverse electric 
field. As is well known, the cosine function, cos (0) is periodic in its argument, 0, with period 
2n i.e. cos (0 + 2m) = cos 0 for all 0. 


The function also oscillates between the minimum and maximum values -1 and +1, 
tespectively as @ varies. It follows that the wave function (5.15) is periodic in x with period 
A= 2n/k, i.e. w (x+h, t) = W (x, €) for all x and ¢, 


Moreover, the wave function is periodic in ¢ with period T = 27/w i.e. (x, CFT) = W (x, 2) 
for all x and t. Finally the wave function oscillates between the minimum and maximum 
values -A and +A respectively, as x and ¢ vary, The spatial period of the wave Ais known as 
its wavelength and the temporal period Tis called period. 
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Furthermore, the quantity A is termed the wave amplitude, the quantity k the wave number, 
and the quantity w the wave angular frequency. 

Note that the units of w are radians per second. The conventional wave frequency, in cycles 
per second (otherwise known as hertz), is 9 = 1/T = w/2z. It follows that the maximum and 
by implication the whole wave propagates in the positive x-direction at velocity v = w/k, 
Analogous reasoning reveals that 


(x,t) = Acos(-kx-—wt) =Acos(kx+wt) (5.16) 
is the function of a wave of amplitude A, wave number k, and angular frequency w, 
which propagates in the negative x-direction at the velocity v = w/k. 


As stated above the quantity with which quantum mechanics is concerned is the wave function 
W of a particle. The wave function p(x, t) specifies at each moment of time, the physical state 
of a point like particle moving in one dimension. Usually the wave functions are complex with 
both real and imaginary parts. Thus, 


wave function W=A+B 


where A and B are real functions. The complex conjugate y* of W is obtained by 
replacing i( i = ¥—1) by -i. 


Complex conjugate w* =A- iB, and 
Wi =W* p= Ar ABP = A+B? (x P=-1) 
Hence, lwl = * Wis always a positive real quantity. 


The wave function (x,t) and its complex conjugate W*(x,t) provide a concrete meaning in 
the macroscopic physical world and therefore are the focal point of quantum mechanics. The 
product 1(x,t)y*(x,t) is perceived as the window of quantum mechanics to the real world. 


5,7 INTERPRETATION OF WAVE FUNCTION ¥ OF A MATTER WAVE 


Max Born who was a pioneer of new quantum mechanics proposed the concept that the wave 
function \p(x, t) of a particle is related to the probability of finding the particle. For that he 
began with Einstein’s idea. Einstein, in order to make logical the duality of particles (photons) 
and waves interpreted the square of the amplitude A? of optical wave as probability density for 
occurrence of photons. 


In case of a matter wave the assumption is that a fictitious wave guides the motion of the 
material particle. The value of a wave function associated with a moving particle at a 
particular point x in space at time t is related to the likelihood of finding the particle there at 
that time. 


The probability that something is present at a certain place at a given time must lie between 0 
and 1, Probability 0 means the particle is definitely not there and probability 1 signifies that 
the particle is definitely there, An intermediate value of probability, say 0.3 means there is 
30% chance of finding the particle. Though, the amplitude of a wave can be positive as well 
as negative, the negative probability is meaningless. 
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Thus the wave function (x, t) cannot be an observable quantity. It implies that the wave 
function itself has no direct physical significance. The most reasonable physical 
interpretation of wave function is that the square of the absolute value of h(x) = 
*(x%,0)(x,t) which is always a real number, gives the probability per unit volume of finding 
the particle at position x at the time t. 

5.7.1 NORMALIZATION 


If the wave function Wp is to describe the particle properly then the integral of |(x,t)/’ over all 
space must be finite. It is convenient that |W(x,t) ? is equal to the probability density of finding 
the particle rather than proportional to it. Thus, 


Les) 
t wpdvV=1 (5.17) 
A wave function that obeys Eqn. (5.17) is said to be normalized. 
5.8 WAVE PACKET: GROUP VELOCITY AND PHASE VELOCITY 


A pure sine wave has neither a beginning nor an end i.e. it extends 
from -© to + © and is completely unlocalized as shown in Fig. (1.4a). 


Distance 


Amplitude 


RP NSS SS es 


Fig: 5.4 (a) Sine wave Fig: 5.4 (b) Wave Packet 
An electron is though confined (localized) within the diameter of an atom its exact location 
remains elusive. To describe such a situation, the quantum theory which argues that a moving 
particle like an electron has wave properties, uses the method of a wave packet or wave group. 


A wave packet can be looked upon as superposition of a large number of waves which 
interfere constructively over only a small region of space where the particle is located giving 
the resultant wave a large amplitude and interfere destructively far from the particle, so that 
the resultant wave has a small amplitude and decreases rapidly to zero as shown in Fig. (5.4b). 
This is in accordance with the quantum mechanical interpretation of the absolute square of the 
amplitude: it has something to do with probability for something to happen. 


The wave packet moves with its own velocity called Group velocity v, whereas the 
individual wave forming the packet has an average velocity known as Wave or Phase 


velocity u. 
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To describe the wave pecket let us represent the original waves as 
&, &, td) = Acos (ky x—@, t) 
and db (0) = Acos (k, x—@2 2) 
$@0=%, 9+ @O 
= (x,t) = Acos (k,x — @,t) + A cos (kx — wet) 


= 2A cos cos (Fx -=r) cos cos po ya Srt@a t) 
2 2 2 2 
(5.18) 


where Ak = k;— k, and Aw = @:i— 


Thus the wave packet moves along with a speed v = Aw/Ak while the individual wave inside 
it moves with a speed (w; + @2)/(k; + kp). If Aw and Ak are small then the speed with which 
individual waves move does not differ much from vy; or 1. 

Instead of only two waves we can take many wave numbers and generalize the case to define 
the group velocity with which the envelope of the wave packet moves as 


d 
Group velocity Y= a (5.19) 


And each individual component wave inside the envelope moves with its wave or 


Phase velocity u =F (5.20) 


5.8.1 GROUP VELOCITY IS SAME AS PARTICLE VELOCITY WHILE WAVE VELOCITY > VELOCITY 
OF LIGHT 


It can be shown that the group velocity is equal to the particle velocity and the wave velocity 
of the matter wave is greater than the velocity of light. 


é ' h 
According to Planck’s theory, E = hé and from de-Broglie’s theory, p = 7: 
Re-writing these equations we have, 

h 
E=ho= aq 2m) =hw where angular frequency w = 2n0 


h_h2n_ 
A mA 
Further, energy and momentum of the particle of mass m moving with velocity v are related 
by 


2 
and p= hk where propagation vector k = = 


2 


p 
E= = = 
om and p= mv 


Putting E = hw and p = hk, we get 
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Now the group velocity 


oe ae? 


Hence Group velocity = Particle velocity, which implies that de Broglie wave group or wave 
packet has the same velocity as that of the particle. 


Let us see why the velocity of matter wave i.e. phase velocity is greater than the velocity of 
light. As seen above the phase velocity or wave velocity is, 
7) 
wk 
We know that F = hid and E = mc’. Also, F = fiw and p = ik. Also for a material particle 
of mass m moving with velocity v, momentum p = mv. 


Now therefore we have, 
w Eh E me’? ¢ 


k hp D Ww 
Since the velocity v of a material particle cannot exceed the velocity of light c the wave 
velocity or phase velocity of a matter wave is always greater than the velocity of light. 


5.8.2 DIFFERENCE BETWEEN PHASE VELOCITY AND GROUP VELOCITY 


Phase velocity Group velocity 


The velocity of individual monochromatic | The large number of waves of slightly 
wave travelling through the medium with | different frequencies traveling together in the 
which a wave packet is constructed is | medium, they form wave group or wave 
known as Wave or Phase velocity u. packet. The velocity with which wave packet 
travels in the medium is Group velocity v4. 


— 
The expression for Phase velocity is The expression for group velocity is 


eal dw 
[te ost “0 ak 
Phase velocity (w) is always greater than the | Group velocity (vq) is equal to velocity of the 
| velocity of light. particle. 


5.8.3 PHASE VELOCITY IN TERMS OF DE-BROGLIE’S WAVELENGTH 
Let m be the mass of the particle travelling with velocity v and V be accelerating potential. 


1 
 Wehave EF => mv2 = eV (5.21) 
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where, e is the charge of particle. 


E=h9 (5.22) 
From equations (5.21) & (5.22) we can write 
hd = eV (5.23) 
de-Broglie’s wavelength 4 in terms of accelerating potential is, 
A= xe 
2meV 
Pid y 
2meV 
uy 5.24) 
ev= Serr) (5.2 
From equation (5.23) and (5.24) we have, 
h? 
0 oa 
_oh 
~ 2ma2 
We known that phase velocity, u = 0A 
h 
Thus u=>— (5.25) 


ama 


5.9 POSTULATES OF QUANTUM MECHANICS 

The postulates of quantum mechanics are the hypotheses and cannot be proven or deduced. If 
no violation with nature (experiments) is found, they are called non-provable, true statements 
(axioms). 

Following are some of the postulates of quantum mechanics. 

(a) The wave function ~(x,y,z,t) describes the temporal and: spatial evolution of a 
quantum mechanical particle. The wave function (x,t) describes a particle with one 
degree of freedom of motion. 

(b) The product w*(x, t) (x, t) is the probability density function of quantum mechanical 
particle. p* (x, t) w(x, t)dx is the probability for finding the particle in the interval x 
and x + dx. Therefore 


‘ W" (x, t) W(x, t)dx = 1a. se ses oe (Normalization condition) 
00 


If the wave function (x, t) satisfies the normalization condition then w(x, t) is termed 
as normalized wave function. This normalization condition suggests that the particle 
must be situated somewhere on the x axis. 
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(c) Operators are substituted for dynamical variables. The operators act on the wave 
function, 7(x, t) which is an operand. 


5.10 HEISENBERG’S UNCERTAINTY PRINCIPLE 


In classical physics we have concepts of a particle at rest or an electron has trajectory. Theve 
concepts do not exist in quantum mechanics as it deals with microscopic particles such as 
atoms, molecules, electrons etc. According to classical mechanics, the position x as well as the 
momentum p, of the moving object can be determined with accuracy at the same time, 
Quantum mechanics regards a moving particle as a wave group. According to it, position x 
and momentum p, of the particle cannot be determined simultaneously with accuracy. 


Werner Heisenberg, a German physicist states that either the position or the momentum of the 
particle can be determined with great accuracy but there is a fundamental limit to the accuracy 
with which the position and momentum can be measured at the same time. This is called 


uncertainty principle. If p, is known exactly we know nothing at all about x (i.c., if Mp, = 
0, 4x = 00), 


Thus, the restriction is not on the accuracy to which x or p, can be measured, but on the 


product Ax.Ap, in a simultaneous measurement of both. In 1927 he formulated his 
uncertainty principle which states: 


It is impossible, by any measurement process, to make a simultaneous determination of the 
position and the momentum of a particle to accuracy greater than 


. h 
Ax. Apy 2 h (h= ra (5.26) 


where h is called reduced Planck’s constant, 


h, ‘ 
Zin which 
momentum is related to the wavelength of the particle wave. Now observe the following Fig. 
(1.5), 


, ; ; h, 
lo make the concept clear recall the de-Broglie equation A = 5 ie. p= 


Am? 1A 


—| Aw | |~——ax——>| 


AN Small 


Ax Large 
AP Large AP Small 
(w) (b) 


(Fig: 5.5) 
5.10.1. DERIVATION OF ENERGY-MOMENTUM UNCERTAINTY 
Tho kinetic energy of micro particle of mass m is given by, 
4 
2 
? =—mv 
B 2 m 


If AB be the uncertainty in measurement of energy then, 
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l 
AR @ ym 2vdv = v(m. Av) 


Ax 
=a Ap 


AR, At = Ax, Ap 
From Uncertainty principle Ax, dp 2h 
VAR At 2h 
The second aspect of the uncertainty principle is the limitation on the simultaneous 
measurement of the energy and time, Mathematically it is written as 
AE.At > h (5.27) 


5.10.2 ILLUSTRATIONS OF UNCERTAINTY PRINCIPLE 


(a) Electron Diffraction Experiment: Consider a long narrow slit of width Ay. Let a 
beam of electrons with momentum p pass through it. If dy is comparable to the 
wavelength of the electron beam, then the electrons will diffract according to single slit 
diffraction pattern on the screen as shown in Fig. (5.6). 


According to the theory of diffraction the first order diffraction minima occur if 
Aysin@ =A (5.28) 
where 6 is the angle of deviation corresponding to first minimum. 


In producing the diffraction pattern on the screen all the electrons have passed through 
the slit but we cannot locate the exact position of the electron across the slit. Hence the 
uncertainty in determining the position of the electron is equal to the width Ay of the 
slit. 


From Eqn. (5.28), we have 
a 


dy = sinsin@ (5.29) 


Fig: 5.6 Electron Diffraction Experiment 
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Before diffraction the electrons are moving along the x axis and hence they have no 
component of momentum along y direction. After diffraction at the slit, they are deviated 
from their original path to produce the diffraction pattern on the screen and have a 


component psin9. This y component may lie anywhere between +psin@ and -psind. 
Therefore uncertainty in the y component of the momentum is 


Apy = 2psind 
= h * 
=2 Fi sin@ (5.30) 
Hence from Eqns. (5.29) and (5.30) 
Ay. Ap, = af in@ ~2h 
ey ese 
= Ay. Apy ~h (5.31) 


A sophisticated approach shows that 


Ay. Ap, > ht 
(b) 


Gama Ray Microscope Experiment: The resolving power of gamma ray microscope is 
very high. Therefore it is used to determine the position and linear momentum of an 
electron. The optical theory shows that the limit of resolution depends upon wavelength 


of light used to illuminate the object to be seen. The resolving power of the microscope is 
given by 
a 
AX = Siasin6 ee 


where Ax is the distance between the two points to be resolved, ) the wavelength of light 


used, and @ the semiverticale angle of cone formed by the light scattered from the 
illuminated object (in the present case electron) as shown in Fig. 5.7. 


Fig: 5.7 Gama Ray Microscope Experiment 
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1 
AE = zm 2vAv = v(m. Av) 


AE. At = Ax. Ap 


From Uncertainty principle Ax.d4p>h 
“ AE.At 2h 
The second aspect of the uncertainty principle is the limitation on the simultaneous 
measurement of the energy and time. Mathematically it is written as 
AE.At > h (5.27) 


5.10.2 ILLUSTRATIONS OF UNCERTAINTY PRINCIPLE 


(a) Electron Diffraction Experiment: Consider a long narrow slit of width Ay. Let a 
beam of electrons with momentum p pass through it. If Ay is comparable to the 
wavelength of the electron beam, then the electrons will diffract according to single slit 
diffraction pattern on the screen as shown in Fig. (5.6). 


According to the theory of diffraction the first order diffraction minima occur if 
Aysin@ =A (5.28) 
where 6 is the angle of deviation corresponding to first minimum. 


In producing the diffraction pattern on the screen all the electrons have passed through 
the slit but we cannot locate the exact position of the electron across the slit. Hence the 
uncertainty in determining the position of the electron is equal to the width Ay of the 


slit. 
From Eqn. (5.28), we have 
Ay =—*_ (5.29) 


™ sinsin® 


Fig: 5.6 Electron Diffraction Experiment 
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Since Ax is the range in which the electron can be viewed when it is disturbed by the 
photon it is the uncertainty in the measurement of position of the electron along x—axis 
which can be reduced to minimum by using shortest possible wavelength i.e. y—rays. 
The photon incident upon the electron recoils from it and it enters the microscope 
anywhere within the angle 8 and at the same time the electron is displaced. The 
displacement of electron contributes to the x—axis component of the momentum of the 


electron 
h 
Apy = psind => sind (5.33) 
A le. 
1 Ax, Ap, = Se +7 sind (5.34) 
« Ax. Ap, =h (5.35) 


A sophisticated approach shows that 
Ax. Ap, 2h 
5.10.3 APPLICATIONS OF UNCERTAINTY PRINCIPLE 


Non-existence of Electrons in the Nucleus 


The radius of the nucleus of an atom is of the order of 107* m. If electron exists inside the 
nucleus, the uncertainty in its position Ax is the diameter of the nucleus 2 x 104 m. 


Heisenberg uncertainty principle is 


h 
(Ax) max: (APx)min 2 on 


“(A ioe Ge te id 
¢ Px) min = Qn. (AX) max 


Since Ax = 10°" meter, 
6.63 x 10-24).5 


(Apx)min 2 2x344X2%10-m 
(Apx)min = 5.278 x 10774 kg m/sec 
Now, the minimum energy of the electron in the nucleus is given by 
Emin = Pmin€ = (5.278 x 10771 kg m/s)(3 x 108m/s ) 
= 1.5878 x 107127 
= 9,897 x 10° eV 
Emin = 9.897 MeV 


It means if an electron exists in the nucleus, it must have a minimum energy of about 9.897 
MeV. However the maximum kinetic energies of electrons (B—particles) emitted by certain 
unstable nuclei are of the order of 4 MeV only. This proves that electrons do not exist in the 
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mucieus, Subsequently it is established that emission of B—ray is the result of transformations 
im the nucleus. The transformation of a neutron into a proton produces an electron. 


51.1 SCHRODINGER’S WAVE EQUATION 


Im clsssical mechanics Newton’s theory specifies the laws of motion that the macroscopic 
objects obeys and in quantum mechanics Schrédinger’s theory specifies the laws of wave 
motion that the particles of any microscopic system obey. 


Newton's Isws are written down for a given situation of macroscopic particle moving under 
the influence of some external forces whereas the Schrodinger equation is written down for a 
given situation of quantum particle moving under the influence of potential energies instead of 
forces. Newton's laws give the trajectory of a particle but the wave function of the quantum 
System caries information about the wave nature of the particle that allows only to discuss the 
probability of finding the particle in different regions of space at a given moment in time. 
Schrodinger’s equation explains the structure of atoms. It provides a description of physical 
reality in remarkable agreement with experiments. 


There are two forms of the Schrédinger equation: one is Schrédinger’s time dependent wave 
=quaztion. which describes the wave motion of particle in the potential field that has a general 
Gependence on space and time coordinates, and the other is time independent wave equation 
that describes the wave motion of particle where potential will not depend explicitly on time. 


5.11.1 TIME DEPENDENT SCHRODINGER WAVE EQUATION IN ONE DIMENSION 


Schrédinger constructed time dependent form of a wave equation for a particle of energy E 
moving in a potential V in one dimension. In classical mechanics the motion of a particle is 
described using the time-dependent position %(t) as the dynamical variable. In wave 
mechanics the dynamical variable is a wave function w. 


Let us start with a wave traveling in x-direction with velocity ‘u’ having wave function w. The 
classical wave equation (general differential equation) of this wave is given by, 


1a 
oy = a (5.36) 


Sy 
ey 


where the function p represents the displacement of the medium in case of mechanical 
waves and the components of electric and magnetic field in case of electromagnetic waves. 


The general solution of above equation is, 
WP = wo el ex-a8) (5.37) 


Schrédinger combined the particle and wave characteristics of matter by adopting the classical 
definition for the non-relativistic total energy E of a particle having momentum p, rest mass 
m, and potential energy V, and de Broglie’s postulates, 


wn 


The total energy of a particle of mass m moving with velocity v along x-axis in a potential 
energy field V(x, t) is: 


1s, 
Total Energy E = (K.E + P.E) = gm? + V(x, t) 
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p? 
=o 5.3 

E = +V(xt) (5.38) 
where V(x, t) is a time-dependent potential. 


Schrédinger chose the energy expression of Eqn. (5.38) since it represents fundamental 
principle of classical physics of conservation of energy, which is applicable in non classical 
phenomena such as Einstein’s relativity, Photoelectric Effect, Compton Effect, and the Bohr 
model of the hydrogen atom. 
The wavelength of the de Broglie wave associated with this particle is given by, 

foun 


{=-2 = 


p mv 
Let us introduce the wave number k in terms of momentum of the particle, 


_ 2m 2np_p h -+) 
kapaseat (va=5 ane 


and angular frequency w of this wave in terms of particle energy, 


2 
Ha 
~ On # 
Boausk 
=2n—-=— 
(a) nT i 


Substituting k =2 & w == in Eqn. (5.37) we get, 
fi i 8g 
) 
p=pe (5.39) 


Partial differentiating equation (5.39) with respect to ‘?’, 


(8) yA (Hy 


at h 


— (_h\av _ ., ap 
Ey = (-7)% =ih> (5.40) 


From double partial differentiation of equation (5.39) with respect to ‘x’ we get, 


(nA 


Ox h 

OY (PY 2) 

24) -(-E) 

pip = —n SY (5.41) 


x2 
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Multiplying both sides of equation (5.38) by wave function w(x, t), 


2 
Ewp(x,t) = 2 ex, t) + V(x, t)p(a,t) (5.42) 
Substituting equation (5.40) & (5.41) in (5.42), we get, 


ine oh eae 
7 PO) = ~ Fae We, t) + Vx WG, t) 


Oot l in 
am aad ¥Ost) + V(x, t) = th HG, t) (5.43) 


The first and second term at the left hand side of above equation represent kinetic and 
potential energies respectively of the particle and the right hand side represents its total 
energy. Equation (5.43) is known as one dimensional time dependent Schrédinger 
equation. 


5.11.2 TIME INDEPENDENT SCHRODINGER WAVE EQUATION IN ONE DIMENSION 


In many cases (and in most of the cases discussed here), the potential will not depend 
explicitly on time. The dependence on time and position can then be separated in the 
Schrédinger wave equation. 


Let us start with a wave traveling in x-direction with velocity ‘uw’ having wave function ‘yp’ . 
The classical wave equation (general differential equation) of this wave is given by, 


ay 10% 
Gxt 2 Oe (5.44) 


where the function represents the displacement of the medium in case of mechanical 
waves and the components of electric and magnetic field in case of electromagnetic waves. 


The general solution of above equation is, 
W = po ef (kx-wt) (5.45) 
where, ‘Yo is wave constant, 
Now, consider a particle of mass m moving with velocity v along x-axis in a potential energy 
field V(x). The total energy of this particle is the sum of its kinetic and potential energies 


1 
Total Energy E = KE + PE = zm? + V(x) 


Bway 5.46 
~ am (x) 6.46) 


where V (x) denotes that the potential energy of the particle is independent of time. 
The wavelength of the de-Broglie wave associated with this particle is given by, 


hoh 
Pp omv 
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Let us introduce the wave number k in terms of momentum of the particle, 


rt 2 h h 
pooh (van% an=z) 


aA hh 2a 


and angular frequency w of this wave in terms of particle energy, 


h 

E=h9 =— x2n0 
20 
h 

=— xo 
a 

ee 

OF OT I 


Substituting k = &wW= + in Eqn. (5.45) we get, 


.(px-Et 
Y= er) (5.47) 
Taking first order partial derivative of Eqn. (5.47) with respect to space and time, 
oy i 
ae Re 
api 
and Ot — a Ey 
From this derivative, we get 
By = int (2 i? = -1) (5.48) 


The total energy formula in Eqn. (5.46) contains the square of the momentum, so let us 
calculate the second order partial with respect to space: 


rp pp 
ax2 AP 
From this derivative, we get 
2 
pps (5.49) 
Now multiplying Eqn.(5.46) with w(x), 
2 
EW) =F W(x) + V@)H@) (5.50) 


Substituting Eqns. (5.48) and (5.49) in Eqn. (5.50) we get, 
h? a 
E(x) = - Im ane VO) + VO)H) 


81 


a? 2m 
“5a WX) + 3 [LE - V(x) W(x) = 0 (5.51) 


Eqn. (5.51) is known as time independent Schrodinger Equation. It gives spatial variation of 
matter waves in one dimension. This equation is more restrictive than the original time- 
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dependent Schrédinger equation, because it assumes that the particle/ wave has a definite 
energy (that is, a definite w). 

5.12 APPLICATIONS OF SCHRODINGER’S EQUATION 


5.12.1 MOTION OF A FREE PARTICLE 


Let us consider an electron moving freely in space in positive x—direction and not acted upon 
by any force. As no force is acting on the electron its potential energy V is zero. 


The Schrodinger wave equation is 


a2 812 
t+ Tr By =0 (5.52) 


2. 
Writing" E = k? in Eqn.(5.52), we get 


2. 
ae +k2y =0 (5.53) 


A particle is a free moving particle and as such there are no boundary conditions. Therefore 


there are no restrictions on k. Hence energy is not quantized but all values of energy are 
allowed. These values can be found from 


= ke? (5.54) 


Thus a freely moving particle possesses a continuous energy spectrum. Eqn.(5.54) represents 
the kinetic energy of the particle. 


5.12.2 PARTICLE TRAPPED IN ONE DIMENSIONAL INFINITE WELL 


An infinite potential well model is used to describe a particle (electron) that is free to move in 
a small space surrounded by impenetrable barriers. This model is a hypothetical example that 
demonstrates the differences between classical and quantum systems. The word one 
dimension indicates that the particle is moving in one dimension. 


The model is also known as the infinite square well or the particle in a box. The potential well 
here is a very (infinitely) tall rectangular well but it is called square well because of the right- 
angled corners. The name particle in a box is used to emphasize that the particle can freely 
move around inside a given region, but has zero probability of leaving the region, just like a 
box. Hence, outside the box, p(x) = 0. 


Consider a particle of mass m moving freely along x—direction in a one dimensional well as 
shown in Fig. (5.8). The particle is completely trapped within the well of infinite height and 
width a. The particle bounces back and forth between the hard walls of the well at x = 0 and x 
= a. The particle does not lose energy on collision with such walls, so that its total energy 
remains constant. From the formal point of view the potential energy V of the particle is 


infinite on both sides of the box whereas it has any constant value say zero for convenience 
within the well. Thus 


V@~)=0 O<xsa 
V(x) = 00 x<0,x>a (5.55) 


Though in Newtonian view the particle is traveling along a straight line bouncing between two 
‘gid walls in quantum view, the particle is no more pictured as a particle bouncing between 
ng ? 
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the walls but a wave (de-Broglie wave) that is trapped inside the infinite quantum well, in 
which there forms standing waves. 


VO X)=00 

x=a }——_a—__ 

(a) Classical View (b) Quantum View 
Fig. 5.8: Particle trapped in one dimensional potential well 


If the walls of the box are perfectly rigid the particle must always be in the box, and the 
probability for finding it elsewhere must be zero. To make the probability zero everywhere 
outside the box, we must make w = 0 outside the box. Thus 


wa~=0 x<0,x>a (5.56) 


Within the box the Schrodinger’s wave equation becomes 


ath , 812 
pet ar Ep =0 (5.57) 
Let us write 
an?m . _ 1 > 
rE =k (5.58) 
Substituting Eqn. (5.58) in (5.57) we get 
ay 
az th'p = 0 (5.59) 
The solution of differential equation (5.59) is, 
w(x) =Asinsinkx +B cos cos kx (5.60) 


where A and B are constants to be evaluated. 
The above solution is subjected to the boundary conditions that y = 0 for x = 0 and for x = a. 
Let us apply these boundary conditions and evaluate constants A and B. 
(a) At x=0,(0)=0 
ie. 0 = A sinsin0 +B cos cos 0 
0=0+8B (* cos 0° = 1) 
. B=0 


It means that Eqn. (5.60) becomes 


p(x) =Asinkx (SS04 
(b) At x=a, p(a)=0 
jc.0=Asinsinka = Asinsinka =6 542) 


Bither A = 0, in which case ip = 0 everywhere, of = 0 everywhere, 2nd there is mo pate t= 
a meaningless solution or else sin ka = 0, which is true only when Ka =a, 2m, 2z,~- 


“ka=nt (n= 1,2, 3, -..) S53) 


nit - 


Substituting this value of k in Eqn. (5.58), we get 


8n?2m _ ent =<2= 
oe Ee om 
nh? n2nt - 
=> (346 
En en2m a2 
2,2 
neh = 
En=5 2 (=1,2,3..-) 667) 


Eqn. (5.67) gives certain discrete values called the eigen values of energy of pericle Sr 
different values of n. The integer n corresponding to energy Ep is called qaammm member. 
The values of energy E, for which Schrodinger’s steady-state equation can be solved =e 
called eigen values and the corresponding wave functions Wr are called eigen functions. Thes. 
a particle trapped in one-dimensional infinite potential well possesses discrete values of 
energy. 


It is seen that E = 0 is excluded, because in case the particle possesses zero energy inside the 
box, the wave function inside the box turns out to be zero which means particle no more exists 
inside the box, which is incorrect. Therefore, the particle can have all values of energy given 
by Eqn. (5.67) excluding zero value. Furthermore, the quantum number n indicates the 
number of nodes in the wave. 


A few of the energy levels are 
E, = psety § lowest energy level 
7 8ma 


_ 4h? 
~ 8ma? 
_ 9h? 
~ 8ma? 


E, 4 times the minimum energy 


3 9 times the minimum energy 


These energy levels are shown in right hand-side of Fig. 5.8. 


154 | Applied Physics 


5.13 QUANTUM COMPUTING 


The field of quantum computing emerged in the 1980s. It was discovered that certain 
computational problems could be tackled more efficiently with quantum algorithms than with 
their classical counterparts 


5.13.1 QUANTUM MECHANICAL TUNNELLING 


Quantum mechanical tunnelling is the phenomenon in which particles pass through a barrier 
that they should not be able to cross. Consider rolling a ball up a hill; typically, the ball 
requires sufficient energy to overcome the hill. In quantum mechanics, even if the particle 
lacks sufficient energy, it has a chance of "tunnelling" through the hill and appearing on the 
other side. This occurs because particles such as electrons have wave-like properties that 
allow them to penetrate barriers at the quantum level, which classical physics cannot explain. 


Way QuaMTuM ComPuTING? 


Quantum computing addresses fundamental limitations of classical computing. Classical 
computing encodes information in binary bits (0 or 1). Transistors in classical computers have 
shrunk to such a small size that they generate significant heat, posing a risk of failure for 
silicon-based technology. Additionally, at such small scales, electrons can tunnel through 
micro-thin barriers between wires, disrupting computing signals. Quantum computing, 
however, uses quantum bits (qubits) that can represent both 0 and 1 simultancously due to 
superposition. This, combined with entanglement, allows quantum computers to process vast 
amounts of information simultaneously and solve certain problems much faster than classical 
computers. Moreover, quantum computing operates on different principles that can potentially 
reduce the heat issues associated with further miniaturization in classical computing. 


PRINCIPLE 

Quantum computing uses qubits that can be in multiple states at once (superposition) and can 
be linked together (entanglement). Quantum interference uses the way quantum states 
combine to increase the chances of correct results and decrease errors. This allows quantum 
computers to process information much faster and more efficiently than classical computers. 


COMPARISON BETWEEN CONVENTIONAL COMPUTER AND QUANTUM COMPUTER 


Sr. No._| Conventional Computer | Quantum Computer 
1 Conventional Computers, no | Quantum computers follow the laws of 
matter how exotic, all follow the | quantum mechanics and physics. 
— law of classical Mechnics/Physics 
2 A classical computer has a 


A quantum computer maintains a 
sequence of qubits | 
A single qubit can represent a one, a zero, 
or a quantum superposition of these. 
Quantum computer with n qubits can be in 
an arbitrary superposition of up to 2n 
different states simultaneous] 


memory made up of bits 

A single qubit can represent a one, 
a zero at a time. It is binary 
Classical computer can only be in 
one of these 2n states at any one 
time 


Sus 
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8.49.2 CONCEPT OF Quart 

A Qui. ot quantum bit, is the fundamental unit of quantam information: in quantum 
waiiipiititig, A qubit, unlike a classical bit, can be both O and Lat the same time due to a 
PROPEL Arrow as superposition, Qubits can also be entangled, which means that their states 
die linked tegatdless of distance. This enables qubits to interact in ways that classical bits 
WANKEL Because of their unique properties, quantum computers can perform multiple 
walvulations at the same time, making them potentially far more powerful than classical 
Watlipuiters for certain applications, 


bir QuBIT 


Fig. 5.9: Qubit superposition 


§.13.3 APPLICATION OF QUANTUM COMPUTING 


1, Artificial Intelligence: Quantum computing is useful in artificial intelligence. 


2. Molecular Modeling: Chemical reactions are quantum in nature as they form highly 
entangled quantum superposition states. Fully-developed quantum computers would 
evaluate even the most complex processes. 


3. Cryptography: Quantum computers can accomplish online security by factoring large 
numbers into primes exponentially more efficiently than digital computers. 


Financial Modeling: Quantum computing can help solve the complicated problems in 
modern financial market. 


4 


5. Weather Forecasting: Quantum computer can predict accurate weather forecasting. 


6. Particle Physics: Quantum computers can help study particle physics that require 
complex logical operations. 


SOLVED PROBLEMS 


1, Determine the de-Broglie wavelength of an electron accelerated by a potential 
difference of 150 V. 


Solution: Given: Potential difference (V) = 150 V 
Formula: According to de Broglie’s wavelength associated with potential difference 
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Satay 6.63 x 10734 

~ 2meV 2x 9.1 x 10-8! x 150 x 1.6 x 10-9 
.=1x 10" 
aA=1A 


2. A proton is moving with a speed of 2 - 10° m/s. Calculate the wavelength of matter 
wave associated with it. 


Solution: Given Mass of proton (m) = 1.67 x10?” kg 
Speed of a proton (vy) = 2 -10° m/s 
Formula: According to de Broglie’s wavelength 


_h 6.63 X 10734 
“mv 1.67 x 10727 x 2 x 108 
= 1.98 x 10-15m 


3. What is the de-Broglie wavelength of an electron, if it has been accelerated by a 
potential difference of 20 kV? 


Solution: Given _ Potential difference (V) = 20 kV = 20 x10’ V. 
Formula: de - Broglie’s wavelength associated with accelerating potential 
ho 6.63 x 10734 


2meV V2 9.1 x 10-3! x 1.6 x 10719 x 20 x 103 
= 0.0868 x 10-1? m = 0.0868 A° 


4, Calculate the de Broglie wavelength of an (- particle accelerated through potential 
difference of 200 V. (m, = 6.68 x 10-?’kg ) 


Solution: Given my, = 6.68 x 107?7kg accelerating potential (V) = 200 V 
Formula: Charge of an a- particle = 2 x charge on an electron 
=2 x 1.6 x 10” coulomb 
de Broglie’s wavelength associated with accelerating potential is given by, 
Prey oe 6.63 x 10734 
~ VameV V2xX6.68x 10-7 X2X 1.6% 10-7 K 200 
= 7.175 x 10° m 


5. Calculate the velocity and de Broglie wavelength of a neutron of energy 10‘ eV. 


Solution: Given Mass of neutron (m) = 1.67 x10” kg 


Energy of neutron (E) = 10’ eV = 10*- 1.6 10” joules 
= 1,610" joules 
Formula: (a) Calculation of velocity of a neutron 


Quantum Piysics 


spa [CEL [2%16x105 
m | 167x10-= 


v =138 x 10° m/s 
(b) Calculation of de -Broglie wavelength 


het 6.63 x 1073+ 
“mv 1.67 x 10-27 x 1.38 x 10° 
=2.87x10-3 m 


6. A neutron of 1.67 -10”’ kg mass is moving with a kinetic energy of 20 keV. Calculate 
the de- Broglie wavelength associate with it. 


Solution: Given Mass of a neutron (m) = 1.67 x10 kg 
KE, of neutron (E) = 20 keV = 20 - 10°- 1.6 -10°° 


=3.2 x10" joules 
Formula: According to de Broglie’s wavelength associated with kinetic energy of an electron 
h 6.63 x 10-34 


2mE 2x 1.67 x 10-27 x 3.2 x 10-45 
2.=2.071 x 10% m 


7. An electron is accelerated through 1000 volts and is reflected from a crystal. The first 
order reflection occurs when glancing angle is 70°. Calculate the interplanar spacing 
of a crystal. 


Solution: Given Potential difference (V) = 1000 Volts 
Glancing angle (\) = 70° 
Order of reflection (n) = 1 
Formula: According to de Broglie’s wavelength associated with accelerating potential 
he 6.63 x 10734 


2meV  V¥2x 9.1 x 1073! x 1.6 x 10-19 x 1000 
= 3.88 x 10711 m 


Bragg’s law, 2dsin0=nd 
_ nm _ 13.88 x 10714 
~ 2sinsin 2 sin sin 70° 
Interplanar spacing of crystal (d) = 2.06 x 104m 


8. Find the K.E. of a neutron which has a wavelength of 3 A. At what angle will such a 
neutron undergo first order Bragg reflection from a calcite crystal for which the 
grating spacing is 3.036 A, 


Solution: Given Wavelength = 3 A=3 x 107° m 
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Order of Bragg reflection (n) = 1 
Interplanar spacing (d) = 3.036 A =3.036 x 10° m 
Formula: (a) Calculation of kinetic energy of a neutron 


de - Broglie’s wavelength associated with kinetic energy is given by, 


Pe asia Aaa 
V2mE ~ 2mE 
h? (6.63 x 10734)2 


aE 


“2m 2 2x 1.67 x 10-27 x (3 x 10-2)? 
Kinetic energy of a neutron (E) = 1.46 x 10774 joules 
(b) Calculation of Bragg’s angle of reflection for first order reflection 
Bragg’s law, 2 d sin 8 = nd 


ssinsin =>5 
‘itly 1x @x 107") 
sinsin = Dea Cee 0.4940 
2X (3.036 x 107°) 
Bragg’s angle of reflection (6) = sin-+(0.4940) = 30° 


9. The electrons which are at rest accelerated through a potential difference of 250 V. 


Calculate 
(a) The velocity of an electron _(b) Phase velocity of an electron 
(c) de- Broglie’s wavelength (d) Momentum and 


(e) Wave number of an electron wave. 
Solution: Given Potential difference (V) = 250V 
Formula: (a) The velocity of an electron 


Kinetic energy = Potential energy. 


1 
=mv? = eV 


2 
prev _ 2x 1.6 x 10-49 x 250 
He ane os 9.1 x 10-31 


The velocity of an electron (v) = 9.376x10° m/s 


(b) Phase velocity of an electron 
_o? _ (3x 10")? 
~ v 9,376 x 106 
Phase velocity of an electron (u) = 9.59 x10? m/s 


(c) de- Broglie’s wavelength 


h 6.63 x 1073+ 
=—_— 5 Oo 
mv 9.1 x 10731 x 9.376 x 106 


de- Broglie’s wavelength (A.)= 7.78 x10"! m 
(d) Momentum 
p=mv 
=9.1 x 107!x 9,376 x 108 
Momentum (p) = 8.532 x10** kg m/sec. 
(e) Wave number of an electron wave. 
1 1 


va 


“778 x 10-4 


Wave number of an electron wave = 1.28 *10" /m 
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10. If the uncertainty in position of an electron is 4 -10 m, calculate the uncertainty in 


its momentum. 


Solution: Given Uncertainty in measurement of position (Ax) = 4 x10" m 


Formula: According to Heisenberg’s uncertainly principle, 


Ax. Ap =h 
Ax. Ap =f 


h 
Ax. Ap = mm 


h 1 663 x 107% 


ae ar aad 21 


Uncertainty in measurement of momentum (Ap) = 2.63 x 107° kg-m/sec 


11. An electron has a speed of 300 m/s with an accuracy of 0.001%. Calculate the 


certainty with which we can locate the position of an electron. 


Solution: Given Speed of an electron (v) = 300 m/s 


300X0,001 
(Av) = ener i 0,003 m/s 


Formula: According to Heisenberg’s uncertainty principle, 


Ax. Ap 2h 
Ax. Ap ~h 


= h 
Ax, Ap = on 
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1 
= —K— 
aol 2n Ap 
ign Bi ae eesti § 1 
~= on mav on 9.1 x 10-31 x 0.003 


Certainty in location of the position (Ax) = 0.0386 m 


12. A bullet of mass 0.050 kg is moving with a velocity of 800 m/s the speed of a bullet is 
measured accuracy 0.01%. Calculate the accuracy with which the position of an 


bullet can be located. 
Solution: Given Mass of bullet (m) = 0.050 kg 
Velocity of bullet (v) = 800 m/s 


_ 800 x 0.01 


i aan 0.08 m/s 


(Av) 


Formula: According to Heisenberg’s uncertainty principle, 
Ax. Ap =h 


h 1 _ 663 x 10" 1 
an mAv an * 0.050008 


Ax 


Accuracy in location of position (Ax) = 2.62 x 10-32 m 


13. If the uncertainty in position of an electron is 4 -10" m. Calculate the uncertainty in 
its momentum. 


Solution: Given: Uncertainty in position of an electron (Ax) = 4 x10 m 
Formula: According to Heisenberg’s uncertainty principle, 

Ax.Ap 2h 

Ax.Ap ~h 


(tx). (ap) = st 


h 1 6.63 x 10-34 
Ap) = —x>—~ = ———__ 
(4p) 2x (Ax) 20x 4x 10-10 


(Ap) = 2.637 x 10725 kg m/sec 
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14. If diameter of the nucleus is 8.5'-10" m. Calculate minimum momentum of a proton 
and minimum kinetic energy of proton. 
Solution: Given: Diameter of the nucleus (Ax) = 8.5 +10" m 
Formula: (a) Calculation of minimum momentum of a proton 


According to Heisenberg’s uncertainty principle, 


Ax. Ap >h 
Ax. Ap ~h 
h 
(Ax) max: (AP) min = on 
(tiie Tepes SEI nt 
Pimin = 2 CAx)man TE 85x 10-1 


Minimum momentum (Pmin) = (AP) min = 1-241 x 107** kg m/s 
(b) Calculation of minimum energy of proton 
_ mv? mv 
alia ieee Tt 


(nin = (P)min _ (1.241 x 10774)? 
as 2m 2x 1.67 x 10-2” 


(E) min = 4.611 x 1076 joules 


1.150 x 10776 
1.6 x 10-19 


Minimum energy of proton in (E) min = 2881 eV 


(min = 


15. A hydrogen atom has diameter of 0.53 A. Estimate the minimum energy an electron 
can have in this atom. . 


Solution: Given (Ar) =0.53 A =0.53 x 10" m 
Formula: (a) Calculation of minimum momentum of an electron 
According to Heisenberg’s uncertainty principle, 
Ax. Ap 2h 
Ax. Ap =h 


h 
(Ax) max: (AP) min = on 


P)nin = eX Tay 
(4?) min = Qn” (Ax) max 
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A 1 _ 663x107 1 
(Ap)min = 2 ™ Thmas aS 053 X 10-2 
(Ap) min = 1.990 x 10724 kg m/s 


(b) Calculation of minimum of energy of an electron 


eantltl Bevis mtv op 
Kinetic energy = zm = om 


2 


ae Dp 
Kinetic energy (E) = 2m 


2). 
Kinetic energy(E) min = sai [min = (AP) min] 


_ (1.990 x 10-24)? 
~ 2x91 x 10732 


-18 


Minimum of energy of an electron = 2.175 x 10°” joules 


16. An electron confined in a box of 10’ m length. Calculate minimum uncertainty in its 
velocity. 


Solution: Given (Ax)=107m 


Formula: According to Heisenberg’s uncertainty principle, 


Ax. Ap >h 
Ax. Ap =h 
h 
(AX) max: (AP) min = on 
1 
ho 1663x1074 4 
(AP) min = ha” te ae 


(Ap)nin = 1.055 x10” kg-m/sec 
(Ap)min = ™ (AV) min 


(Ap) min 1.055 x 10-27 
A ID ee 
(AY) min = Fh 9.1 x 10-31 


(AV) min = 1159 m/sec 


17. Find out the lowest energy of an electron in a one dimensional box width of 4A. 
Solution: Given Width of box (a)=4 A=4-10"°m 


Formula: Energy of an electron in one dimensional potential well 
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n*h? 
~ Bma? 
Tine lowest energy of an electron can be calculated by putting n =1 
1? x (6.63 x 10-4)? 


en nee ay SON -19 ; 
E; Ex SAAT x (Ex 1G- Tepe = 37731 x 10-* joules 


a 


3.7731 x 10-77 
E, Sea 
16 x 10-19 
Tibe lowest energy an electron in electron volt = 2.358 eV 


23 Calculate minimum energy that an electron posses in an infinity deep potential well 
of 2 um width. 


Sebstion: Given: Width of the potential well (a)=2 nm=2 x10? m 
Permula: Energy of an electron in one dimensional potential well 
n7h? 
~ @maz 
MGeimum energy possessed by an electron can be calculated by putting n =1 
Be 1? x (6.63 x 1073*)? 
8 x 9.1 x 10-31 x (2 x 107°)? 
E=15x10-*° joules 
_ 15x 1077 
16x 10719 
Energy of an electron in electron volts = 0.0943 eV 


= 0.0943 eV 


19. Find the energy of an electron moving in one dimension in an infinitely high 
potential box of width 1 A. Given: mass of an electron is 9.1 -10°' kg and h = 6.63 -10 


4 Ss, 
Solution: Given: Width of a box (a)=1 A=10"'m 
Mass of an electron (m)=9.1 -107! kg 
Planck’s constant (h) = 6.63 -10™ J-s, 
Formula: 


Energy of an electron in one dimensional potential well 
rs hes. 2. (6.63 x 10-34)? 
~ Bma* BX 91x 10-31 x (10-2 
E=6,03 x 107!8 joules 
_ 6,03 x 10718 
~ 16 x 10-9 
Energy of an electron in one dimensional potential well = 37.73 eV 


E 


y 
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20. An electron has a speed of 900 m/s with an accuracy of 0.001%. Calculate the 
uncertainty with which the position of the electron can be located. 
Solution: Given Speed of an electron (v) = 900 m/s 


Formula; Accuracy in measurement of speed of an electron 


0.001 
=> = 3 
(dv) 100 x 900 = 9 x 1073 m/s 
According to Heisenberg’s uncertainty principle, 
Ax.Ap >h 
Ax. Ap ~h 
h 
Ax.Ap = — 
ene an 
Ax.mAv = : 
x.mAv = > 
Ar = thx 2 2 8:63 x10 1 
* 20 mhv on 9.1 x 10-8! x 9x 10-3 


Uncertainty in location of position (Ax) = 0.01288 m 
21, Find the energy of the neutron in units of electron volt whose de-Broglie wavelength 
is 1 A (Given m,= 1.67 x 107” kg, h = 6.63 x10 J-sec.) 
Solution: Given  de- Broglie wavelength (1) = 1 A=1%10"°m 
Mass of the neutron = 1.67 - 10°’kg 
Planck’s constant (h) = 6.63 - 107 J-sec. 
Formula: de Broglie wavelength 
h 
VimE 
ie 2 au (6.63 x 10734) 
amr* 2 x 1,67 x 10-27 x (1 x 10-19)2 
E=1,31* 10" J 
_ 1.31% 10729 
~ 1,6 x 10719 


A= 


eV (1eV = 1.6 x 1079 Joule) 


Energy of the neutron in units of electron volt (E) = 0,082 eV 
22. An electron has a speed of 400 m/sec with uncertainly of 0.01%, Find the accuracy in 
its position. 


Solution: Given Speed of an electron (v) = 400 m/s, 


pr pecs j 400x0.01 
inty in measurement of velocity (Av) = ————- — 
Uncertainty ty (Av) i 0.04 m/s 


Quantum Physics | 165 


Formula: (a) Calculation of Ap 
Ap =m. Av = 9.1 10731 x 0.04 


Ap = 3.64 x10” kg- m/sec. COMPLI 
According to Heisenberg’s uncertainty principle, Nor relay Cor, 

Ax.Ap >h Ale Y 
Ax.Ap =h 

Ax. Ap = : 
OP = Ot 

ht _ 663x101 
De oa Ne ran 3.64 10-22 


Accuracy in measurement of position (Ax) = 2.898 x 1073 m 


23. What is the wavelength of a beam of neutrons having energy 0.025 eV and mass 
1.676 - 10°’ kg? 


Solution: Given Energy of neutron (E) = 0.025 eV = 0.025 « 1.6 x 10°? J 
Mass of a neutron (m) = 1.676 - 107 kg 


2x 0.025 1.6 10-19 
1.676 x 10-27 


v =2.188 x 10° m/s 
According to de Broglie’s wavelength 


Formula: We have, E = mv? 


_ h _ 6.63 x 10-34 
“mv 1.67 x 10-27 x 2.188 x 10? 
= 1.814 x 107 m 


2.=1.814A4 


24, The position and momentum of 1 keV electron are simultaneously measured. If its 


position is located within 10 nm, then what is the percentage of uncertainty in its 
momentum. 


Solution: Given Energy of electron (E) = 1Kev = 1 x 10°?eV =10°x 1.6 x 10" J 


Uncertainty in measurement of position (Ax) = 10 nm = 10-10% m 
Formula: K.E.= mv? 
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p=vV2mE = 42 x 9.1 x 10-31 x 103 x 1.6 x 10719 
p = 1.706 x10 kg m/sec 


According to. Heisenberg’s uncertainly principle, 
. D aoe wg 


Ax.Ap 2h 
3 Ax.Ap ~h 
ppp! 
x. Ap = on 
Nae ce 
Pe on” Dx 
hp = O63X10 
P 2a 10x 10-9 


Ap = 1.055 «10° kg.m/sec 
Percentage of uncertainty in measurement of momentum 


AP 100 = 2055x 10726 ser 
Y= T7062 x 10-2 


=6.18 x 107* % 


25. An electron is bound in a one-dimensional potential well of width 2 A, but of infinite 
height. Find its energy values in the ground state and first two excited states. 


Solution: Given Width of potential well (a)=2A=2 10m 
Formula: Energy of an electron in one dimensional potential well 
n2h2 


8ma? 


n 


(a) Calculation of energy of an electron in the ground state [Put n =1] 
1 x (6.63 x 10734)? 


ee AR -18 
En = 8x91x 10-31 x 2 x 10-10)2 15 x 10 J 
1,5 x 10718 ides 
5 ees (leV = 1.6 x 10729 joule ) 


Energy of an electron in the first excited state (E, ) = 9.375 eV 
(b) Calculation of energy of an electron in the first excited state [Put, n = 2] 


2? x (6.63 x 10734)2 


Be = 5X91 10-9 x (Dm LOT = 9X 10-18 


_ 6x 10718 
E, = L6x 10-19 = 37.5 ev 
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Energy of an electron in the first excited state (E;) = 37.5 eV 
(c) Calculation of energy of an electron in the second excited state [ Put, a = 3] 


Ry = 3 x (6.63 x 10°34)? o 
3 = FROIN AR Tos = 19S 10-17) 
. _ L35x 107!" 
V1.6 X 1079 


Energy of an electron in the second excited state (Ey) = 84.375 eV 


= 84.375 eV 


26. Calculate the de- Broglie wavelength of an electron whose kinetic energy is 120 eV. 
[m =9.1x10"" kg, h = 6.63 x10" J-s}. 


Solution: Given — Mass of an electron = 9,1 x10"! kg 
Planck’s constant (h) = 6.63 - 10°" J.s 
Kinetic energy of an electron (E) =120 eV = 120 - 1.6- 10" J 
Formula: de Broglie’s wavelength associated with kinetic energy is given by, 
= h 
V2mE 
h 6.63 x 107-34 


V2mE V2 x 9.1 x 1073! x 120 x 1.6 x 107 
= 1.12 x10 m= 112A 


27. An electron moves in the x-direction with a speed of 1.88 * 10° m/s. if this speed Is 
measured to a precision of 1%, with what precision can you simultaneously measure 
its position? 


Solution: Given Velocity of an electron (v) = 1.88 x 10° m/sec 
Formula: Uncertainty in measurement of speed 


1.88 x10° 
100 


(An= = 1.88 x 10* m/s 
According to Heisenberg’s uncertainly principle, 
Ax.dp 2h 
Ax.Ap=h 
— h 
x bp = 
_h . 1 
~ 2” Op 
= ox 1 
2m mdv 


ax 


Ax 
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he = 6:83 x 10° 1 
v= on™ OT x 10-3 x 1.88 x 104 


Accuracy in measurement of position (Ax) = 6.16 x 10° m= 6.16 nm 


28, Calculate the de-Broglie wavelength of proton traveling with a velocity equal to 
1/20" velocity of light. (Mass of proton = 1.67 - 107” kg. 


Solution: Given Velocity of proton (v) == x 3x 108 m/s 
Mass of proton (mp) = 1.67 - 107" kg 


Formula: de- Broglie wavelength 


Lh 6.63 x 10734 
mv 1.67 x 10-27 xX x3 x 108 


20 
de- Broglie wavelength (A) = 2.7 x 104m. 


SHORT ANSWER TYPE QUESTIONS 


. Explain wave particle duality of radiation. 

. What are the properties of a photon? 

. State de-Broglie hypothesis of matter waves. 

. What are properties of matter waves? 

. Obtain an expression for de-Broglie wavelength associated with an electron accelerated 

through a potential V. 

6. Derive an expression for de-Broglie wavelength associated with a particle moving with 
kinetic energy K.E. 

7. Show that the de-Broglie’s wavelength of a charged particle is inversely proportional to 
square root of potential difference. 

8. What is the physical significance of the wave function ‘¥ of a matter wave? 

9. Define a wave function. What do you mean by normalized wave function? 


mA WH 


10. Explain concept of a wave packet. 
11, Explain phase velocity of a wave group and group velocity of matter waves. 
12. Explain group and phase velocity. 
13. State and explain Heisenberg’s uncertainty principle 
14, Explain the concept of quantum computing, Write applications of quantum computing 
15. Differentiate between classical and quantum computing 
DESCRIPTIVE ANSWER TYPE QUESTIONS 


State De-Broglie’s hypothesis, Derive expression for De Broglie’s wavelength. 


2. Explain de Broglie model of an atom, Obtain de Broglie wavelength of orbiting electron and 
circumference of electron orbit in hydrogen atom, (Radius of electron orbit is 5.3X10"! m). 
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Using Heisenberg’s uncertainty principle, prove that electron cannot pre-exist in atomic 
nucleus. 


What do you understand by a wave packet? Obtain an expression for the Bohr’s condition 
for quantization of angular momentum. 


Explain phase velocity and group velocity. Derive the relation between them 
Explain Heisenberg’s uncertainly principle with an example and give its physical significance. 


Prove the non-existence an electron and existence proton exists within the nucleus using 
uncertainty principle 


What is uncertainty principle? Explain how the concept of wave particle duality and 
single slit diffraction of electron can be used to prove the uncertainty principle? 


State Heisenberg’s uncertainty principle. Describe experimental verification of uncertainty 
principle. 


. What is de-Broglie concept of matter-waves? Derive one dimensional time-dependent 


Schrodinger equation for matter waves. 


. Drive the one-dimensional time independent Schrodinger wave equation for matter waves. 
. Discuss the energy levels of an electron enclosed in one dimensional infinite potential well. 
. What is quantum computing? What makes a quantum computer different from a regular 


computer? 
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3. Using Heisenberg’s uncertainty principle, prove that electron cannot pre-exist in atomic 
nucleus. 

4. What do you understand by a wave packet? Obtain an expression for the Bohr’s condition 
for quantization of angular momentum, 

5. Explain phase velocity and group velocity, Derive the relation between them 

6. Explain Heisenberg’s uncertainly principle with an example and give its physical significance. 

7. Prove the non-existence an electron and existence proton exists within the nucleus using 
uncertainty principle 

8. What is uncertainty principle? Explain how the concept of wave particle duality and 
single slit diffraction of electron can be used to prove the uncertainty principle? 

9. State Heisenberg’s uncertainty principle. Describe experimental verification of uncertainty 
principle. 

10 


. What is de-Broglie concept of matter-waves? Derive one dimensional time-dependent 
Schrodinger equation for matter waves. 


11. Drive the one-dimensional time independent Schrodinger wave equation for matter waves. 


. Discuss the energy levels of an electron enclosed in one dimensional infinite potential well. 


. What is quantum computing? What makes a quantum computer different from a regular 
computer? 


CHAPTER 6. 


Basics of Semiconductor Physics 


6.1 INTRODUCTION 


In the modern world, technology is all around us, changing the way we live, work, and 
communicate. At the heart of this technological revolution are semiconductors, 
materials that have revolutionized the way we live, work, and communicate. From the 
smartphones in our pockets to the laptops on our desks, from medical equipment to 
spacecraft, semiconductors play a vital role in enabling the functionality of modern 
electronics. The understanding of electron behavior in solids, which began with the 
discovery of the electron in 1897, has led to the development of semiconductor 
technology, transforming the world as we know it. Today, semiconductors are a crucial 
component of moder technology, driving innovation and progress in fields like 
computing, healthcare, energy, and transportation. As we continue to push the 
boundaries of what is possible, the importance of semiconductors will only continue to 
grow, making the study of electron behavior in solids an essential foundation for the 
technologies of tomorrow. 


6.1.1 FORMATION OF ENERGY BANDS IN SOLIDS 


In solids, the close proximity of atoms leads to the formation of energy bands. This 
phenomenon occurs due to the interaction of valence electrons, resulting in new energy 
levels and the smearing out of discrete levels into bands. As atoms come together, their 
energy levels split into multiple levels as shown in (Fig 6.1), a process known as level 
splitting, resulting in a large number of closely spaced energy levels. 


Energy 


Fig. 6.1 Energy bands in solids 


Fig (6.1) shows the splitting of energy levels K, L and M when distance between the 
atoms is gradually decreased. M level being the outermost i.e. valance level is affected 
first say at a distance a. Subsequently L level undergoes splitting as the interatomic 
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distance is reduced further say at b. The energy bands formed by modification of these 
levels are wider energy bands. However the electrons in the innermost orbits are 
TIGHTLY BOUND TO THEIR NUCLEI DUE TO THE FORCE OF ATTRACTION AND THEREFORE 
THE INNERMOST energy levels are less affected by the presence of the neighbouring 
atoms. As a result they form marrow energy bands. 


6.1.2 VALENCE BAND, CONDUCTION BAND, FORBIDDEN ENERGY GAP 


Conduction Band 


Band gap 


HHH oe tere 


Band Energy 


+eeeete aoeee 
HEHEHE HEE HHH Hee eee seeet 
He oeee+ +++ 
9SS0008 Valence Band@eees 
THEHH HEHEHE HHH HHH Hees eet 


Fig. 6.2 Valence band, Conduction band and Forbidden gap 
Valence band 


The band of series of energy levels occupied by valence electrons is known as valence 
band. It is the highest occupied band. It may be completely or partially filled with 
electrons. The valence band is responsible for electrical, thermal and optical properties 
of solids. 


Conduction band: The next higher permitted energy band is known as conduction 

“band. It may be empty or partially filled. In this band electrons move freely and 
contribute in the electrical conduction hence these free electrons are known as 
conduction electrons. 


Forbidden energy gap: The gap between top edge of valence and the bottom edge of 
the conduction band is known as forbidden energy gap. It is represented by E, and it is 
the minimum amount of energy required by an electron of valence band to get into the 
conduction band. Forbidden energy gap is the characteristic of the material. 


6.1.3 CLASSIFICATION OF SOLIDS BASED ON ENERGY BAND STRUCTURE 


Conductors Insulators Semiconductors 


In conductor there are plenty 
of free electrons available for 
electrical conduction. 


In insulators, the valence 
electrons are very tightly 
bound to their parent atoms. 


Hence very large amount of 
energy is required to remove 
them from the attraction of 
nuclei, 


In semiconductors, though 
the valence electrons are 
tightly bound to the parent 
atoms but their binding 
energy is comparatively less 
to that of insulators. 


In terms of energy band 
theory, the conduction and 
valence band overlap each 
other. 


In terms of energy band 
theory, the insulators have 
completely filled valence 
band, an empty conduction 
band and a very large 
forbidden energy gap (E,). 
(For insulators Eg > 3 eV) 


The electrical resistance of a 
conductor increases with 
increasing temperature i.e. 
they have positive 
temperature coefficient of 
resistance. 


The electrical resistance of 
an insulator decreases with 
increasing temperature i.e. 
they have negative 
temperature coefficient of 
resistance. 
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In terms of energy band 
theory the insulators have 
almost empty conduction 
band, almost filled valence 
band and a small forbidden 
energy gap BR, of the order of 
leV, 


The electrical resistance of a 
semiconductor decreases with 
increasing temperature i.e 
.they have negative 
temperature coefficient of 
resistance. 


The conductivity of 
conductors is of the order of 
107 mho/meter at room 
temperature. 


The conductivity of 
insulators is of the order of 
10? mho/meter at room 
temperature. 


The conductivity of 
semiconductors lies between 
10* to 10* mho/meter at 
room temperature. 


Example: copper, silver, iron, 
aluminum, tin, lead, mercury 
etc. 


Example: diamond (E, ~ 6 
eV) and for glass (E, ~ 
10eV). 


Example: Semiconductors are 
germanium (E,=0.72 eV) and 
silicon (E,=1.12 eV). 


a 


Conduction Band Jee Empty 


Band Energy 


Conduction Band Jing 


OTT 
OU) 


Barry lence Band 


STS ONIIITN NITE 


Band Energy 


Conduction Band } Almost Empty 


Ez Order of LeV 


Band Energy 


} Almost Filled 


6.1.4 DIFFERENCE BETWEEN INTRINSIC AND EXTRINSIC SEMICONDUCTORS 


Intrinsic Semiconductors 


The semiconductor which is of extremely 
pure form is known as intrinsic 


semiconductors. 


They have low electrical conductivity. 


Extrinsic Semiconductors 


The intrinsic semiconductors doped with 


impurity atoms are known as extrinsic 
semiconductors. 


They have comparatively higher electrical 
conductivity. 
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The electrical conductivity of these semi- 
conductors depends upon temperature. 


The electrical conductivity of these semi- 
conductors depends upon the temperature as 
well as the concentration of doped impurity 
atoms. 


The concentration of free electrons in the 
conduction band and holes in valence band 
are equal. 


The concentration of free electrons in the 
conduction band and holes in valence band 
are different. It depends upon type of 
impurity atoms added to it. 


The Fermi-energy level lies in between 
energy of valence and conduction band. 


The position of Fermi-energy level depends 
upon impurity concentration and temperature, 


Comparatively more amount of energy is 
required for electrons to cross the forbidden 
energy gap. 


Comparatively less amount of energy is 
required for electrons to cross the forbidden 
energy gap as compared to intrinsic 
semiconductor. 


Examples: Germanium (0.72 eV) and Silicon 
(1.12 eV). 


Examples: silicon and germanium crystals 
doped with impurity atoms of As, Sb, P, In, 


Bete. 


6.2 DIRECT AND INDIRECT BAND GAP SEMICONDUCTORS 


We can recall that semiconductors at absolute zero temperature have full valence band 
and completely empty conduction band, with their band gap Eg<3eV. Semiconductors 
can be opaque or transparent and can also display beautiful colours. All these 
behaviours depend on band gap of the semiconductor. 


On the basis of this band gap semiconductor materials can be classified into two types: 


(i) Direct band gap semiconductors _ (ii) Indirect band gap semiconductors 


In direct band gap semiconductors the recombination of electrons from the conduction 
band with the holes of the valence band results in the release of photon in the optical 
region of the electromagnetic spectrum. Examples are GaAs, GaAsP, InAs, ZnS, etc. 
These semiconductors have high optoelectronic conversion efficiency and hence 
widely used in optoelectronic devices such as LED, Lasers, etc. The optical properties 
of these compounds can be very effectively controlled by controlling their composition 
and thus managing the band gap. 


When the recombination takes place between an electron in energy level E2 and a hole 
in energy level E;. The energy of the photon emitted is given by E» — Ej. If the 
wavelength of the emitted photon lies in the visible range, then a photon is said to be 
emitted. 


(6.1) 
(6.2) 


Where, h is the Planck’s constant, v is the frequency, c is the velocity and A is the 
wavelength. The numerator in R.H.S. of eq (6.2) is a constant. Thus one can conclude 


The energy of emitted photon is given by, E,—-E,=hv 
E, —E; =he/a 
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that energy of released in form of recombination is inversely proportional to the 
wavelength of the emitted photon. 


In indirect band gap semiconductors, the recombination of the electrons and holes 
require lattice defects as recombination centers resulting in lattice vibration. This 
results in the release of energy in the form of heat and not in form of light. Examples: 
Si, Ge, GaP, a-SiC, etc. 


! Conduction band F 
Conduction band 
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Fig. 6.3 


(i) Direct band gap semiconductors (ii) Indirect band gap semiconductors 


6.2.1 ELEMENTAL AND COMPOUND SEMICONDUCTORS 


The most commonly known semiconductors are Silicon and Germanium belonging to 
the group IV of the periodic table. Commercially these are used in pure and doped 
(intrinsic or extrinsic) form. They are known as elemental semiconductors. This type of 
semiconductor mainly have indirect band gap. 


Semiconductors can also be formulated by combining différent elements from two or 
more different groups of the periodic table: III-IV, II-VI, and IV-VI. These types of 
semiconductors are known as compound semiconductors, majority of them having 
direct band gap emitting photon in the optical region. These compound semiconductors 


open up a huge collection of compounds. They can be classified into three groups, 
namely: 


(i) Binary Compounds (ii) Ternary Compounds (iii) Quaternary Compounds 


As the name suggests binary compounds are formed by combination of elements from 
two group of the periodic table. Some examples of compounds belonging to group III- 
IV are GaAs, InP, GaP, AlSb and group II-VI are ZnS, CdS, ZnSe. Similarly ternary 
compounds are formed by combining three elements and quaternary compounds by 
grouping four elements from the different groups of the periodic table. Example of 
ternary compound is InGaAs and quaternary compound is AlInGaP. 
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6.2.2 DIFFERENTIATE BETWEEN DIRECT AND INDIRECT BAND GAP SEMICONDUCTORS 


Direct Band Gap (DBG) semiconductor 
(1) It is one in which maximum energy 
level of valence band aligns with the 
minimum energy level of conduction band 
with respect to momentum. 


Indirect Band Gap (IBG) semiconductor 
(1) It is the one in which maximum energy level of 
valence band and minimum energy level of valence 
band and minimum energy level of conduction band 
are not aligned with respect to momentum. 


(2) In this direct recombination takes place 
with energy equal to the difference 
between energy of recombining particles. 


(2) In this due to a difference in momentum, first 
momentum is conserved by release of energy and 
only when the two momenta are aligned, 
recombination occurs. 


(3) The probability of radiative 
recombination is very high. 


(3) The probability of radiative recombination is 
almost negligible. 


(4) Efficiency factor is high. 


(4) Efficiency factor is low. 


(5) They are preferred for making optical 
devices like LEDs e.g. GaAs. 


(5) Cannot be used to make optical device 
e.g. Si, Ge. 


Material | Direct/Indirect Bandgap 
Elements Cc Indirect 
Ge Indirect 
Si Indirect 
Group III-V Compound | GaAs Direct 
InAs Direct 
GaP Indirect 
GaN Direct 
Group II-VI Compound | ZnO Direct 
CdSe Direct 
ZnS Direct 


6.3 ELECTRICAL CONDUCTION 


6.3.1 DRIFT VELOCITY, MOBILITY AND CONDUCTIVITY IN CONDUCTORS 


According to free electron theory of metals, a metal piece consists of plenty of free 
electrons available for conduction of electricity. Let us consider a conductor of cross 
sectional area A, length / and V be potential difference applied across it. 


Fig. 6.4 Electrical Conductivity and Resistivity of conductors 


An electric field E established due to the potential difference V in the conductor is 
given by 
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V 
E=a- 
! 
Ohm's law that governs the electrical conduction in metals is 
V=IR 
Vv 
l= = (6.11) 


where J’ is the potential difference, / the current and R the resistance of the conductor. 
The resistance R of the conductor is directly proportional to its length / and inversely 
proportional to its area of cross-section 4. Thus, 

l 


R«- 
A 


l 
=p- 6.12 
R=p ri (6.12) 

p is the proportional constant known as resistivity of the material and is characteristic 
of the material. ‘ 
Putting equation (6.12) in (6.11) 

2a 

= 


The conductivity (o) is reciprocal of resistivity (p). Its SI derived unit is the Siemens 
per meter or mho per meter, 


(6.13) 


1 
o=— 6.14 
: (6.14) 


Equation (6.14) becomes, 
< =0E (6.15) 
The current density J is defined as the current per unit area of the cross-section of the 


conductor. 


J= oE (6.16) 
The above equation is known as microscopic form of ohm’s law. It describes how 
voltage, current and resistance are interrelated on a ‘microscopic’ level. 


In absence of an external electric field the free electrons move randomly in all 
directions. When an electric field is applied the random motion of electrons becomes 
unidirectional as shown in Fig.( 6.5 b). 
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(a) Random motion of electrons (b) Uni-directional motion of electrons 


Fig, 6.5 


The average velocity acquired by an electron is directional proportional to applied 
electric field and is known as drift velocity vg. 


Thus va E 
v= WE (6.17) 


where p is the proportionality constant known as mobility of an electron. It is 
expressed in m’/volt —sec or cm’/volt —sec. 


The conductivity of a material can be related to the number of charge carriers present in 
the material. 


I=neAvy (6.18) 
where v, is the drift velocity of the electrons. 


From equation (6.18) we can write, 


te nev, 
A d 
J=nevg (6.19) 
Putting J = o£ in equation (6.19) 
oE =nevg 
o= ne 2 
E 
o=nep (6.20) 


Equation (6.20) gives conductivity of the conductors. 
6.3.2 ELECTRICAL CONDUCTIVITY OF SEMICONDUCTORS 


In semiconductors electrons as well as holes are the charge carriers. The current flow is 
due to the movement of electrons and holes in opposite directions. 


The conductivity o, of the semiconductor due to electrons in the conduction band is 
given by 


On = NCUe (6.21) 


where n is the electron density in conduction band per unit volume, e the 
electron charge and jy, the electron mobility. 
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Similarly, the conductivity ap of the semiconductor due to holes in the valence band is 
given by 


Op = Pe Un (6.22) 


where p is the positive hole density in valence band per unit volume, e the 
charge on the hole and 44, the hole mobility. 


The total conductivity o of the semiconductor is given by, 
S=0, + Oy 
= Neue + Pe Un 
=e[n te +P Hn] (6.23) 


Conductivity of intrinsic semiconductors: In intrinsic semiconductors there are equal 
number of electrons and holes. 


n=p=n (6.24) 
where 7; is the intrinsic concentration of electrons or holes in the semiconductor. 


Thus the conductivity 0; of intrinsic semiconductor is given by 


i] 


Gj = en; Ue +1; Up] 


eni[ He + Un] (6.25) 


Conductivity of n-type semiconductors: In case of n-type semiconductor the 
electrons are the majority charge carriers i.e. the electron concentration is far greater 
than the hole concentration (n > p). 


The electron concentration may be represented by nq, the donor concentration. 
From equation (6.25) the conductivity o, of n-type semiconductor is given by 
On = Ng C Me (6.26) 


Conductivity of p-type semiconductors-: In case of p-type semiconductor the holes 
are the majority charge carriers ie. the hole concentration is far greater than the 
electron concentration (p >> n). The hole concentration may be represented by n, , the 
acceptor concentration. 


From equation (6.26) the conductivity o, of p-type semiconductor is given by 


Op = Ng e Kn (6.27) 


6.4 FERMI- DIRAC DISTRIBUTION FUNCTION 
There are three types of statistical distributions. 


1. | Maxwell-Bolzmann distribution given by - f(E) = 


Ty 
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This is classical statistics applies to particles which are identical, distinguishable and 
having no consideration for the spin. Examples: atoms and molecules. 
1 


2. Bose- Einstein distribution given by- = f(E) = aE 
ar 


This is Quantum statistics applies to particles which are identical, indistinguishable and 
have integral spin (spin 1). Such particles are known as Bosons. Examples: photons 


1 
3. Fermi-Dirac distribution given by - f®)=7TEep) 
{le les} 


This is also Quantum statistics applies to particles which are identical, 
indistinguishable and have half-integral spin (spin 1/2). Such particles are known as 
Fermions. Examples: conduction electrons in metals, semiconductors and insulators. 


In Fermi-Dirac statistics /(E) represents the probability that if.an electron is dropped in 
an empty box having large number of energy levels it will occupy a particular state 
with energy EF. 


Fermi-Dirac distribution is mostly written as f(E) = ae (6.28) 
{! KT hal 


where Er is called Fermi energy and 
k the Boltzmann constant whose value is 1.38054 x 1073 joule per kelvin, 


6.4.1. FERMI ENERGY LEVEL IN CONDUCTOR 


In conductors (metals) the valance band and conduction band overlap each other. In 
other words, in a conductor there is only a conduction band. This conduction band has 
more energy levels than the electrons. 

(i) At T=0°K 

Let us now consider distribution of the conduction electrons among the various 
allowed energy levels at absolute zero temperature taking into consideration Pauli’s 
exclusion principle according to which an energy level can accommodate at most two 
electrons, one with spin up and the other with spin down. Thus in filling the energy 
levels in the conduction band, two electrons occupy the lowest energy level, two more 
the next level and so on until all the electrons in the metal have been accommodated. 
The energy of the highest occupied level is called the Fermi energy or Fermi level Er. 
Hence Fermi level may be regarded as the uppermost occupied energy level in a 
conductor at 0 K. 
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Fig. 6.6 Energy Band Structure of a Conductor at 0° K 


a) At T = 0°K, for energy levels £ lying below Ep. Since E< Ep , (E-E,p) is a 
negative quantity. The argument of the exponential function will be -o. The 
Fermi Dirac- distribution function thus becomes, 


1 al: 
f@)=—ea = = 
= (E 2) 1+ 
f@)=—5=1 


J() = 1 indicates that all the energy levels below Fermi level are occupied by 
electrons. 


b) At T = 0°K, for energy levels E lying above Ep. Since E > Ep, (E-Ep) is a 
positive quantity. The argument of the exponential function will be +oo, The 
Fermi Dirac- distribution function thus becomes, 


1 1 
fE) = —tey = Tre = 
i+e, 
f@) =; =0 


J (E) = 0 indicates that all the levels above Fermi level are vacant. 
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c) At T=0'K, for E=Ep 


Les : 
f(E) = ee ee indetrminable 


Ff (E) becomes indeterminate for energy level equal to E, and ranges between 
zero and one. 


(i) At T>0°K 

As the temperature increases, the thermal energy excites the electrons. The energy 
which an electron can absorb thermally at room temperature is k7= 0.026 eV. However 
this energy is much smaller than the Fermi energy EZ which is of the order of 5 eV. 
Therefore AT is not sufficient to excite electrons lying deep in the conduction band. 
Consequently only those electrons in the energy levels within the range kT adjacent to 
Fermi level absorb this energy and jump to the energy levels above Zp within the range 
kT. As a result few levels within the range AT below Er will be partially depleted and 
few levels within the range kT above E; will be partially filled in violation of Pauli’s 
exclusion principle. 


1 1 
f) =——- = —— 
(E—-Er) 0 
7 aa 1+e 
Koss: 


It indicates that the probability of electron occupancy of Fermi level at any temperature 
other than 0 K is 50%. 


Distance 
Fig. 6.7 Energy Band Structure of a Conductor at T> 0°K 


6.4.2. POSITION OF FERMI LEVEL IN INTRINSIC SEMICONDUCTORS 


In a semiconductor, at 0K the valance band is completely filled and conduction band is 
completely empty. At room temperature, the thermal excitation causes some of the 
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electrons from valence band to enter into the conduction band leaving holes in the 
valance band. 


At temperature above OK in an intrinsic semiconductor, let 
Nc — number of electrons in the conduction band and 
ny — number of electrons in valence band. 
Therefore total number of electrons in the intrinsic semiconductor is 
N= ne tny (6.29) 
Let f(Ec) is the probability that an electron occupies energy Ec in conduction band. 


The probability that an electron occupies energy Ec in conduction band can be written 
from Fermi Dirac distribution function, 


fEc) = 


1 
ieee) 


Here Ec is the minimum energy required for the electron to reach the bottom level of 
conduction band. The extra energy is converted into its kinetic energy with which the 
electron moves freely in conduction band at any energy level. 


(6.30) 


Therefore, the number of electrons occupies energy Ec in conduction band is given by, 
nc = N. f(Ec) (6.31) 
Substituting equation (6.30) in Equation (6.31) 
N 
Nc = — TEER 6.32 
ae ia 
Similarly, the probability that an electron occupies energy Ey in valence band is given 
by, 


fy) = SH [(Ey — Ep) is negative] (6.33) 


1+e 


Therefore, the number of electrons occupies energy Ey in valence band can be written 
as, 


ny =N.f (Ey) (6.34) 
Substituting equation (6.33) in Equation (6.34) 
N 
ny = Fm (6.35) 
tse ot) 


Substituting equations (6.32) and (6.35) in Equation (6.29) 
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N N 
N= Ep-Ep\ + Pea 
reel) 1467) 
1 1 


1= + 


reer) 14 e- Ca”) 


2+ Or) + o(“Sr"4) 
«fiver ra. [+e Cer) 


[ue eCPE) + CRE) 2 4 oP) PE 


Eo~ at a = ur 
1+ esr) + ee) + oe) =2+ oer) + o(“Sar£) 


Bonaire tiv) 
e kT = 


By logarithm on both sides 


Ec —2Ep + Ey _ 
kT ~ 


Ec — 2E, + Ey =0 


EctEy 


Er = : 


(6.35) 


Equation (6.35) shows that for an intrinsic semiconductor the Fermi level lies at 
the middle of the forbidden energy gap shown graphically in Fig 6.8. 
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Fig, 6.8 Energy band level diagram of intrinsic semiconductor 
6.4.3, FERMI ENERGY LEVEL IN N-TYPE SEMICONDUCTOR 


Let the donor impurity atoms of antimony are doped in a silicon crystal, When the 
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density of donor atoms is low they are distantly spaced from one another, approximately 
by 100 atom spacing. Since the donor atoms are distinctly spaced, they cannot interact 
with each other and there is no formation of donor energy band. Their energy levels are 
shown by a single energy level. The amount of energy required to detach the electron 
completely from the normal atom is called the ionization energy. The ionization energy 
of the impurity atom in Si about 0.05 eV (in Ge it is 0.01 eV). Thus the impurity states of 
the impurity atom lie within the forbidden energy gap, specifically a few hundredths of 
an electron volt below the conduction band. 


Instrinsic Electron Donated Electrons 


Conduction Band 


Energy —> 
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Fig. 6.9 Energy level diagram of n-type semiconductor 


At 0°K, the conduction band is empty because the donor atoms are not ionized. If the 
temperature is raised so as to supply only 0.05eV energy these atoms will ionize and 
donate electrons to the conduction band. Thus each antimony atom donates one electron 
to conduction band without producing hole in valence band. The antimony atoms become 
ions. Even though the ions are charged they are immobile and do not contribute to the 
current. 


At ordinary temperatures the intrinsic process produces some electrons and equal number 
of holes in the valence band. The electrons jump to the conduction band. This is the 
second source of electrons made available for conduction. Thus the electrons outnumber 
the holes and are the majority charge carriers while holes are minority charge carriers in n- 
type semiconductor. 


6.4.4. FERMI ENERGY LEVEL IN P-TYPE SEMICONDUCTOR 


Let the acceptor impurity atoms of boron are doped in a silicon crystal. When the density 
of acceptor atoms is low they are distantly spaced from one another, approximately by 
100 atom spacing. Since the acceptor atoms are distinctly spaced, they cannot interact 
with each other and there is no formation of acceptor energy band. Their energy levels 
are shown by a single energy level.The energy involved in capturing electrons from 
neighbouring silicon atoms is very small. It is about 0.05 eV in silicon and 0.01 eV in 
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germanium. Hence the energy level of acceptor atoms lies 0.05 eV above the valence 
band for silicon (0.01 eV above the valence band in case of germanium).As temperature 
is raised the impurity atoms accept electrons from the valence band. These exited 
electrons leave behind holes in the valence band. Thus the holes are produced in the 
valence band without giving electrons to the conduction band. 


The boron atoms become ions. Even though the ions are charged they are immobile and 
do not contribute to the hole current. At finite temperatures the holes acquire thermal 
energy and move downward into the valence band. This intrinsic process produces some 
holes and equal number of electrons in the conduction band. 
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Fig. 6.10 Energy level diagram of p-type semiconductor 


This is the second source of holes made available for hole conduction. Thus the holes 
outnumber the electrons and are the majority charge carriers while electrons are minority 
charge carriers in p-type semiconductor. 


SOLVED PROBLEMS 


1. The resistivity of Cu is 1.72 x 10° ohm- m. Calculate the mobility of electrons 
in Cu. Given that the number of electrons per unit yolume is 10.41 x 1079/ m*. 


Solution-: Given resistivity of Cu (p) =1.72 x 10° ohm- m, 
Number of electrons per unit volume (n) =10.41 x10%/ m’, 


Formula Conductivity 

1 1 
6 =- = 
p  1,72x 10-8 

= 58,13 x 10° mho per meter 


o= neu 
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ene 58.13 x10° 
We te 10.41x1028x1,6K10-2 


Mobility of electrons (1)= 3.488 x 10° m?/volt-sec 


2: Find resistivity of intrinsic germanium at 300° K. Given density of carriers is 
6.5 x 10°/m’. Mobility of electrons is 0.39 m’/ volt-sec and mobility of holes is 
0.19 m’/y-sec. charge of electron is 1.6 x10" C, 


Solution-: Given Mobility of electrons (1. ) =0.39 m’/volt-sec 

Mobility of holes (j1,) = 0.19 m’/volt-sec 
density of carriers (n)= 6.5 x 10'°/m? 
charge of electron (e)=1.6 x10PC. 

Formula Conductivity of intrinsic germanium is given by, o 
6 total =Ont+ Op 
= [ (nepa) +(pepn)] 

In case of intrinsic semiconductor 
n= p= 6.5 x10” /m’ 
6 total = [Ne (Ha +pn)] 
6 toa = [6.5 x10” *1.6 x 10°? (0,39 + 0.19)] 
6.5 x1.6 x 0.53 = 6.32 mho/meter. 

Conductivity of intrinsic germanium (6 toa!) = 6.32 mho/meter 


-. resistivity of intrinsic germanium (p) 
1 1 


p=-= > 


o 6.32 
3. What is the probability of an electron being thermally excited to conduction 
band in silicon at 20° C if the band gap energy is 1.12eV? Given Boltzmann 
constant 1.38 x10” J/K. 
Solution-: Given: band gap energy (E,) = 1.12eV 
Boltzmann constant (k) = 1.38% 10° J/K. 


_ 1,38x1023 
™ 1,6x10719 


Boltzmann constant (k) in eV = 8.625x 10° eV/K 
T = 20° C = 273 +20 =293° K 


Formula: The probability of an electron being thermally excited to 
conduction band is given by, 
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f(Eg) = —r> 
60% | ae 
1te 


For intrinsic semiconductor, 


(Ec — By) = f= 42 = 0,56 ev 


1 
f(Eq) = ( 056 ) 
ite 8.625x 109x293 

1 
fEg = 1+e(26.1595x10~9) 


f(Ec) = 6.37821 x 107° 


4. Ina solid, consider the energy level lying 0.012 eV below Fermi level. What is 
the probability of this level not occupied by an atom? 


Solution: 
Given: Ep- E=0.012 eV 
Boltzmann’s constant (k) =1.38 x 1073 J/K, 
138x109 —23 J 
k= Sa = 8.625 x 10 SeV/K 
Temperature (T) = 300 K 
We have, 
1 
f(E) =~ eae 
1it+e\ kr ) 


The probability of energy level not being occupied = 1— f(E) 
1 


1+ eer) 


=1- 


1 
rr aS =1-0.614 
1 + e825 x10- x300 


The probability of energy level not being occupied = 0.386 
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5. Fermi energy for silver is 5: 
of occupancy at 300 K is 0. 


Solution: 
Given: Fermi energy for silver (Ey) = 5.5 eV 


Boltzmann’s constant (4) =1.38 x 10% J/K, 


eV. Find out the energy y occa ths bee | 
phi bisa, 0 ein a ea gir a 


— 138x190 -23 -5 
=Texios = 8.625 x10-°eV/K 
Temperature (T) = 300 K 
1 
f() = — 
1+ ol kT ) 
1 
0.9 = FLEE 
14+ algez x1075 x smal 
1 ( E-5.5 
paes= 8.625 X10-= x 300. 
aa 1 + e\8.625 x10-5 x 300. 


( E-55 ) 
1.1111 = 1 + e\8.625 x10-5 x 300. 


( E-55 
0.1111 = e\8.625 x10-5 x 300. 


By taking logarithm 
E-55 
8.625 x 10-5 x 300 
—0.056855 = FE —5.5 
E=544eV 


6. For intrinsic silicon, the room temperature electrical conductivity is 4 x 10+ 
mho per meter. The electron and hole mobilities are 0.14 and 0.040 m? /volt- 


sec respectively. Compute the electron and hole concentration at room 
temperature. 


—6.1973 = 


Solution: Given: Electrical conductivity (6) = 410% mho per meter, 
Mobility of Electron, 1, = 0.14 m’ /volt- sec, 
Mobility of holes, jn = 0.040 m? /volt- sec 
Formula 6; = nye (He + Ha) 
pera. ioe 
~ ete + Hh) 
4x107* 4x107* 


NR a 2 1 he 
~ 1,6x10-19(0.14+0.040)  6.88x10-20 
2. ny = 1.388 x 10° m? 


nj 
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7. The intrinsic carrier density at room temperature in Ge is 6.37 x 10” 
the electron and hole mobilities are 0.38 and 0.18 m? /yolt- sec 1 
Calculate its resistivity. 


Solution: Given: —_ Intrinsic carrier density (n;) = 6.37 *10'/m* 
mobility of electron (j1.) = 0.38 m? /volt- sec 
mobility of hole(1,) = 0.18 m? /volt- sec 

resistivity(p) =? 


Formula Conductivity of intrinsic semiconductor is given by, 


5 =n (He + Hn) (=) 
—— 
Pe me (He * Hy) 
1 
~ 637x1099x1.6x10-29 (0.38 + 0.18) 
1 
~ 61232 


.. resistivity (p) = 0.4719 Q-m 


8. Determine the concentration of conduction electrons in a sample of silicon, if 
one in every million silicon atom is replaced by a phosphorus atom. Assume 
every phosphorus atom to be singly ionised. Silicon has a molar mass of 0.028 
kg/mole and density of 2300 kg/m’. 


Solution: 
Given: Molar mass of silicon = 0.028 kg/mole, density of silicon =2300 kg/m? 


density of silicon 


molar mass of silicon 
Avagadro’s number 


density of silicon 


Concentration of silicon atoms = 


= ————— x Avagadro’s number 
molar mass of silicon 


w= 7300. 6.023 x 1028 
“Hoga vers. 


Concentration of silicon atom = 4.947 x 108'/m8 


One phosphorus atom replaces one silicon atom in every million silicon (10°) atoms. 


4.947 x 1034 
106 


= 4.947 x 1025 atoms 


* number of donor atoms (phosphrous atoms) = 
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Every phosphorus atom to be singly ionised 


-. The concentration of conduction electron in a sample of silicon 
= 4.947 x 1025 atoms 


9, Find the resistance of an intrinsic Ge rod 1 cm long. 1mm wide and 1mm 
thick at 300 K. for Ge nj = 6.5 x10'°/m’ , », = 0.39 m’/volt sec, and py, = 0.19 
m? /volt- sec. 


Solution-: Given: — Length of intrinsic Ge rod (J) = 1 em=1 x10? m, 
Breadth ( w) =Imm =1x10° m, Thickness=1x107° m 
Mobility of electrons and holes p, = 0.39 m’/volt sec, 
and Wn = 0.19 m?/volt sec. 
Formula oj = nye (Ue + Uh) 
=6.5x 10” x 1.6 x 107? (0.39 + 0.19) 
=6.5 x10 x16 x 10°? x 0.58 
Conductivity (o;) = 6.32 mho per meter 
Resistance of an intrinsic semiconductor is given by, 


lol 1 
a aA (0=3) 
R= el i as [.. Area(A)= Breadth x thickness] 
6.32x(1X107-3X1x1073) *"" 
1x10? 
~ 6.32xx10-6 
R=43100 


10. Mobility of electrons and holes in a sample of intrinsic germanium at room 
temperature are 3600 cm’/volt-sec. and 1700 cm?/volt-sec. respectively. If the 
electron and hole densities are equal to 65x10" per cm’. Calculate its 
conductivity. 


Solution-: Given Mobility of electrons (1, ) = 3600 cm?/volt-sec =0,36 m?/volt-sec 
Mobility of holes (}1,) =1700 cm?/volt-sec = 0.17 m?/volt-sec 


Formula Conductivity of intrinsic germanium is given by, o 
Soul =Ont+ Op 
= [(nepty) + (pepn)] 

In case of intrinsic semiconductor 
n=p=6.5 x 10" /em? = 6.5 x10" /m’ 


© total = [ne (Hn + pn)] 
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ave Pe 


we 


6 tout = [6.5 * 10"? x16 * 10° (0.36 + 0.17)] 
6.5 x 1.6 * 0.53 = 6.12 mho/meter. 


Conductivity of intrinsic germanium (6 joa) = 6.12 mho/meter 


SHORT ANSWER TYPE QUESTIONS 


What are the advantages of semiconductors? 

What are intrinsic and extrinsic semiconductors semiconductors? 

Define mobility of charge carriers and state its SI unit 

Define the terms direct and indirect energy band gap 

Explain the concept of Fermi level. 

Define Fermi energy level. Where is it located in case of intrinsic 
semiconductors? 

What is Fermi energy and Fermi- Dirac distribution function? 


DESCRIPTIVE ANSWER TYPE QUESTIONS 


What do you mean by conductivity of a semiconductor? Obtain an expression 
for the conductivity of Intrinsic, n- type and p- type semiconductors. 

What is mobility and conductivity of charge carriers? Which has the greater 
mobility, electron or hole and why? 

Show that for an intrinsic semiconductor, the Fermi level lies half way between 
conduction and valence band. With the help of energy band diagram, show the 
Fermi level positions for n and p- type semiconductors at OK and TK. 
Differentiate between direct and indirect band gap semiconductor. 

What is Fermi energy and Fermi- Dirac distribution function? Show that in 
intrinsic Semiconductors Fermi level lies midway between Conduction band and 
valance band. 

What is Fermi level? Draw suitable diagram to depict its position in intrinsic, 
p- type, n-type semiconductor and explain it. 
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